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TECHNICAL NOTE D-425 

TRIM DRAG AT SUPEBSONIC SPEEDS OF VAFtIOUS 

DELTA-PLANFORM CONFIGURATIONS* 

By M. E. Graham and B. M. Ryan 

SUMMARY 

The drag due t o  lift and the maximum l i f t - to -drag  r a t i o  a t  super- 

sonic speeds of zero-thickness, trimmed, s t a t i c a l l y  s tab le  (1) delta- 
ving-plus-tail ,  (2) delta-wing-plus-canard, u x l  (3)  delta-wing-alone con- 

f igura t ions  a re  studied with the a id  of l i n e a r  theory. 

urations do not include a body. 

W e e  Config- 

I n  general it is  found that the drag due t o  lift decreases and 

the maximum l i f t - to -drag  r a t i o  increases as the aspect r a t i o  increases, 

the -<aFbieal gap :iicreases, the +ail la-dtk, incresses an& the a h t i c  

margin decreases; also euitable camber and twist decrease the drag. 

However, calculations f o r  wing-with-flap configurations indicate that 

i f  ful l  leading-edge thrus t  e x i s t s  there is a range of aspect r a t i o  

i n  which decreasing the aspect r a t i o  decreases the drag due t o  lift. 

Also if leading-edge thrust exists, o r  if the surfaces a r e  twisted and 

cambered there can 8oPleti1t~ZS be less drag due to lift at a s d  posi- 

t i ve  s t a t i c  margin than at zero s t a t i c  W g h .  

area ( trim area to give highest 

the s t a t i c  margin, the 

surfaces (which may itself depend upon the  trim-surface area.) 

investigation of f l a t  sonic-edge wings and trim surfaces indicates that 

i f  there  is no net interference large trim surfaces are desirable,  if 
there is much interference small  trim surfaces a re  des i rab le  a t  least 

* Orginally prepared as Report SM-23635, Douglas Ai rc ra f t  Company, 
Inc., and reprinted i n  o r ig ina l  form by NASA, by agreement with 
Douglas Ai rc ra f t  Company, Inc., to increase ava i l ab i l i t y .  

I I1 

The optimum trim-surface 

(.L/D)MA,, ) depends in general upon 

hi1 length, and the ne t  interference between the 
A l h i k d  
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if the static margin is not t o o  l u g e .  

desirable, large tails or canards if the gap is large, small tails 
and canards if the gap is small and the static margin not too large. 

For example, Large flaps are 

There is little difference between wing-canard and wing-tail con- 
figurations at cruise conditions i f  the gap 1s not too s m a l l .  If the 
gap is -11, the lift-drag ratio of the ving-canard configuration 
becomes poorer than that of the corresponding wing-tail configuration 
unless the wing of the canard configuration is suitably twisted. 

moderate static margins there is little difference between trimmed 
flat wing-flap configurations and flat wing-plus-tail or ring-plus- 
canard configurations with not too smll gaps. 
the lift-drag ratio of the wing-flap configuration is poor compared to 
the wing-tail or wing-canard configurations of not too s d l  gap U e s r  
the wing is suitably cabared and tvisted. 

From this investigation it apptars that the choice of a type of 
trim surface (tail, canard or flap) will depend primarily upon con- 
siderations other than aupersonic cruise performance. The major in- 
fluence upon the cruise lift&ag ratio vi11 then be these other con- 
siderations rather than the direct optimization of the configuration 
to give the highest for the supersonic condition. 

A t  

At large static margins 
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I. INTRODUCTION 

!&e purpose of this report is t o  present supersonic trim-drag* ca l -  

culations in such a form that wing-plus-tail, wing-plus-canard and wing- 

alone configurations may be easily conpared, and i n  such a form that  t he  

s t a t i c  margin is inmediately available.  First, general equations f o r  

the  l i f t  coefficient,  moment coefficient,  and drag coef f ic ien t  due to 
l i f t  are presented. 'hen co;/sCL2 f o r  f l a t  trimPed configurations is 

expressed as a function of the first and second powers OS {dC?-/dCL] 
(dc,/d$ , the s t a t i c  longitudinal s t a b i l i t y  derivative (negative 

s t a t i c  margin) divided by a derivative similar t o  the "elevator power." 

Here the "elevator" o r  tr im surface is an all-movable tai l  o r  canard or 
8 full-span f l a p  at the  ving t r a i l i n g  edge. The coef f ic ien ts  in t h i s  

drag equation depend upon the l i f t - cu rve  slope of the ving alone, the 

l i f t - c w e  slope of the t a i l o r  canard o r  f l a p  alone, and also upon cer- 

tain average values of dc/dd in cases where there is ving- ta i l  (or 

ving-canard) interference.  In t h i s  form the equation appl ies  t o  qui te  

general planform shapes. However, the l i f t - c w e  slopes, tr im surface 

effectiveness,  and the  average v a l u e s  of d/da can be evaluated only 

if a spec i f ic  configuration geometry has been picked. For the  calcula- 

t ions ,  delta wings and tails or canerds, and trapezoidal constant chord 

f laps  have been assumed, and &/d.L has been evaluated a t  the Tref f tz  

+ d 
L 

plane. 

3he t r i m  drag of certain cambered and twisted configurations has 

a l s o  been found; specifically,  configurations put together f r o m  the op- 

t i n a l l y  twisted and cambered sonic-delta wings of Gemin; and a l s o  8 

configuration consisting of a sonic-delta wing v i t h  twisted t i p  panels 
plus a canard. c,. ,&cL2 again depends on first and second powers 
of @ C ~ / d C , ) ~  :Aut  the equations have not alvays been expressed 

exp l i c i t l y  in t h i s  form. 

The basic equations depend upon l i n e a r  theory. The induced loads 

on the r ea r  surface a re  calculated e s sen t i a l ly  by the methods and from 
equations of Ref. 1. 

R e f .  1 and 2 i n  that here (a) the s t a t i c  nrnrgin has been introduced, 

The resu l t s  of t h i s  report  d i f f e r  from those of 

* As used in  t h i s  report ,  the term "trim drag" means the drag due t o  
l i f t  of a configuration vhich is i n  trim. It does not m a n  an in -  
crement of drag which is t o  be added t o  an u u t r h e d  configuration 
when it is brought i n t o  t r i m .  



(b)  the "gap: v e r t i c a l  distance betveen rear surface and vortex sheet, 

has been taken as an independent parameter r a the r  than as a function 

of a i n  computing any derivatives with respect t o  a, ( c )  ce r t a in  t w i s t -  

ed and/or cambered configurations have been studied, (d) leading-edge 

suction has been included i n  some configurations with subsonic leading- 

edges, and (e )  C,i /$f?cL' has been computed f o r  a grea te r  range of 
aspect ratio and gap r a t i o .  

Wing-plus-tail and wing-plus-canard configurations have been com- 

pared solely on the basis of supersonic t r i m  drag and zero-thickness 

m a x i m u m  l i f t - to -drag  r a t i o s .  No attempt has been made t o  evaluate 

t h e i r  re la t ive  merits taking i n t o  account other matters, such as sub- 

sonic performance and s t ab i l i t y , and  landing and take-off. 
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11. NOTATION 

aspect r a t i o  

maximum span of the tail 

maximum span of t he  wing 

length of mean aerodynamic chord of the w i ~ g  (2/3 c far 
d e l t a  wing) 

root chord of the wing 

chord of trailing-edge f l a p  (constant across span) 

C 

coe f f i c i en t  of induced drag (drag due t o  l i f t )  of the 
t o t a l  configuration 

coeff ic ient  of induced drag due t o  twist and c a r  only 

coeff ic ients  of induced drag due t o  twist  and camber 
only on the wing OT t r i m  surfaces respectively 

coeff ic ienta  of induced &rag md l i f t  of the trin rurface 
based on trim-surface plrniorm area 

C O W  3 CIW coeff ic ients  of induced dr.g and l i f t  of the ving b e d  
on w i n g  planform u t a  . 
l i f t  coefficient of t o t a l  configuration 

JC,/,.L l i f t -curve slope of t o t a l  coniiguration aue t o  
a deflect ion OL 

l i f t - cu rve  slope of t r i m  surface i n  the f r ee  stream 
based on trim-surface area 

l i f t - cu rve  slope of wing i n  the f r e e  stream based on 
wing area 

d C L / J s  l i f t - C U N e  slope of t o t a l  configuration due 
t o  6 deflection 

l i f t  coefficient due t o  any t w i s t  and camber of t he  
surfaces 

lift coefricients due t o  tw i s t  and camber only of the  
wing or trim surfaces respectively 

moment coefficient of t o t a l  configuration about center 
of gravity,  posit ive f o r  pitch-up 
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G 

2 

m. a. c 

F 

9 
R 

SP 

u 
* J Y  

domwash angle per un i t  of def lec t ion  of the  forward 
s u r  f ace 

distance from leading edge of f l a p  t o  center  of pres- 
sure due t o  6 def lec t ion  (when hz \ ,  t he  center  of 
pressure due t o  6 deflection i s  the  centroid of area 
of the  f l a p )  

v e r t i c a l  gap between the  rear surface and the  vortex 
sheet shed from the  forward surface measured in uni t s  
of wing span 

average value of de/& induced by t r i m  surface on 
w i n g  

average value of de/&induced by wing on t r i m  sur- 
face  

distance from centroid of wing area t o  centroid of 
t r i m  surface ( " t a i l  length") 

l o c a l  l i f t  a t  (x,y) produced by a, 6, t w i s t  plus 
camber, respectively 

t o t a l  l i f t  produced by a, 6, t w i s t  p l u s  camber, re- 
spec t i ve ly  

maximum l i f t - to -drag  r a t i o  

,A tan o ( f o r  de l t a  phniorms, t a n w =  ~ / 4 )  

mean aerodynamic chord 

non-dimensional distance from the  center of pressure 
of Cermain's twisted-cambered w i n g  t o  the  centroid 
of t h e  wing area 

dynamic pressure 
--xM lacL 

-A (d CM /a S)C' 
r a t i o  of area of two twisted wing t i p  panels t o  a rea  
of ving 

area  of two twisted wing t i p  panels 

r a t i o  of trim-surface area t o  wing area 

trim-surface a rea  

wing area (see note a t  end of notation) 

f r e e  stream velocity 

streamwise and spanwise rectangular coordinates 
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z or 

n0 w 

* T O W  

z WOT 

($1 L 

distance from C .G. of configuration t o  "center" of 
ld , -4s ,do load dist r ibut ions respectively 

distance from C .C. t o  center of load due t o  t w i s t  and 
camber of t he  t r i m  surface 

dis tance from C .C. t o  center of load due t o  tw i s t  and 
camber of t he  w i n g  

center of d i r ec t  load on trim surface measured from t he  
centroid of the t r i m  surface 

center  of load induced by trim surface on the wing 
measured f r m t h e  centroid of the wing 

center  of load induced by tbe wing on t r i m  surface 
measured from the centroid of t h e  t r i m  surface 

angle of a t tack of vlng wlth respect t o  free stream 

addi t ional  angle of a t t ack  d i s t r ibu t i an  corresponding 
t o  MY l oca l  t w i s t  and camkr 

o(p/2c' 

d T - 7  where M = Mach number 

angle of at tack of t r i m  surface with respect t o  ving 

J/PG 
angle betveen free-stream direot ion and leading edge of 
wing,tail or canard 

or (dC,/JC, Is. stick-fixed s t a t i c  lcagi tudinal  s tabi l -  
l t y  derivative 

mcment coei i ic ient  per uni t  def lect ion of the t r i m  s u p  
face at constant CL ("power" of t r i m  surface) 

Uft and drag coeff ic ients  uyi derivatives .s.m based m ving area 
except ae o t h e n i s e  noted. ?or ving-flsp configurations the w i n g  area 
can bt tiefined to include th f h p  area (wing-vi i - i~ap configuration) 

or  a l t a rna t ive ly  to exclude the f h p  mea ( v L r r g - e - f h p  configuration). 

I n  general, the former def ini t ion of wlng area is wed. 
are noted. Manent coeff ic ients  and derivr t ives  are baaed on ving area 
and vhg m.8.c. Angles are measured in rulians. Distances b7,bW,C, 
E , and cr are actual dimensions. ?he gap C is mcrsured in units of 

v- span ( b,,,). A l l  other distances arr measurrd in unite of vlng 
m.8.c. (E). Subscripts W am3 T r e f e r  t o  the wing and trim surfaces, 
respectively.  

Any exceptions 
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111. ANALYSIS 

A.  Coaiigurationa 

The configurations studied in this report  cons is t  of a d e l t a  plan- 

form wing a t  an angle of a t tack  a with respect t o  the  f r e e  stream plus 

a trimming surface at  an angle 6 with respect t o  the  wing: 

Wing p l u s  tail,  both of d e l t a  planform. 

t o  denote separate t r i m  surface art of ving.) 

(a) F l a t  wing p l u s  flat tall.  
(b)  W i n g  with t v i s t  and camber d i s t r ibu t ion  such that the 

drag would be a m i n i m u m  f o r  a specified l i f t  if the ving 

vere alone in the  f r e e  stream. Tail with saae dis t r lbu-  

t i o n  of t w i s t  and camber but d i f f e ren t  magnitude. 

("Tail" w i l l  be used 

Wing plus canard, both of d e l t a  planfom. 
used t o  denote separate t r i m  surface fonratd of t he  vi%.) 

(a) 

(b )  

("Canard" vill be 

Plat wing plus f l a t  canard. 

Saw as Config. 1-b except that  it is a wing-plus-canard 

configuration. 
F l a t  wing v i t h  twisted t i p  panels plus f lat  canard. ( c )  

Wing alone 

(a) F l a t  w i n g  with full-span f l a p  of constant chord a t  wing 
t r a i l i n g  edge. 

face  which is a par t  of t he  wing. 

the f l a p  a rea  unless otherwise noted.) 

Wing with t w i s t  and camber such that the  drag is minimum 
for a specifled l i f t  and specified mament. 

trimming surface.  

("Flap" will be used t o  denote t r i m  s u r -  
The w i n g  M a  includes 

(b)  
No spec ia l  

The configurations a r e  i l l u s t r a t e d  in Fig. 1. Detailed calcula- 

t i ons  are W e  for Configs. 1-a, 2 4 ,  2 4 ,  3-a. The drag calculations 

for 1-b, 2-b and 3-b may be looked upon as lower bounds f o r  the  drag of 
wing-plus-tail (or ving-plus-canard) configuratlone and wing-with-flap 
configurations. 

camber,for the  purpose of these calculations,  are changed continuously 

as a function of t he  Mach number, lift coef f ic ien t  and C.C. posit ion.  

They are unrea l i s t ic  in t he  sense t h a t  the  t w i s t  and 

1 
4 
2 
5 

4 
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Furthermore in  1-b and 2-b w i n g - t a i l  (or wing-canard) interference 

is  assumed negl igible .  

B.  Basic Zquations -- 
L i f t  coeff ic ient :  Within l inear ized theory, the l i f t  coe f f i c i en t  

or the configuration wing plus t r i m  surface is 

E r i k '  surface ' 

tr;m J u r F a C e  

/lo (x,y) dy d y  
CL0 = ,Sl 

winq plus 9 SW 
t r i m  surface 

where , j r  and 1, a re  the local l if ts  produced d i r e c t l y  and in- 

d i r e c t l y  by the  angle of attack a, the t r i m  def lect ion b and t h e  

t w i s t  plus camber respectively. The superposit ion procedures used 

t o  obtain 

cLo 
t he  Mach number. 
wing area s, . 

1, and 1, are described i n  Appendix A. c ~ ,  , and 

depend only upon the geometry of the  configuration and upon 

Note that they, and h e n c e c  , are based upon the 

The lift derivat ives  of the various configurations are given by: 

wlng alone ( v i t h  
or without f lap)  

(4) I 
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and 

w i n g  p l u s  tail (6a) 

c,, = s, wing with f l a p  

(cLdlw is  the l i f t  curve slope which the wing would have i f  it were 

alone i n  the  f r e e  stream. )Tis the lift curve slope 
which the t r i m  surface ( t a i l ,  canard or f l a p )  would have i f  it were 
alone in the  f r e e  stream. (c, .L 

~ 

is based on the area of the  t r i m  
surface and 5, is t he  r a t i o  of that area t o  the  wing area. (For the 

wing with f l a p ,  the  wing area  includes the  f l a p  area.)  4 WOT is an 
average value of the dmwash  angle induced on the t a i l  by a unit  de- 

f l e c t i o n  of the wing. Similnrly 4 Tow i s  an average value of the  dwn- 

wash angle induced on the wing by 6 unit def lec t ion  of the  canard. Val- 

ues of the lift curve slopes and of A,, and &,,are given In  Appen- 

dices A and B for delta-plmiorm configurations. 

about t h e  dwnnah  f i e l d  underlie the crlcul. t ione of 4 wol and Jro,.) 

Similarly 

(Certain woumptlonn 

Moment coef f ic ien t :  

surface configuration is 

The moment coef f ic ien t  of the ving-pluo-trlm- 

D 
4 
2 
5 

c, w i l l  be based on the wing area  and on the  mean aerodynamic chord, 

c ,  of the wing. 
Xd , X r ,  and Y o  a r e  the distances (Fig. 1) from the C .G. of the  coniig- 

uration t o  the "center" of t h e t ,  4 ,  and lo load d is t r ibu t ions  respect- 

ive ly .  

only upon the  C.G. pojit ion,  the geanetry of t he  configuration, and the 

Mach number. 

the  geometry and Mach number. z 
pendix A .  

(For the d e l t a  wing the m.a.c. is 213 the m a x i m u m  chord.) 

These lengths a re  measured in uni t s  of t he  m.a.c. They depend 

The difference between any two of t h e m  depends only upon 

- Z 
6 d  

and .Yo-Yd are evaluated in Ap- 
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S t a b i l i t y  parameter: The s t i c k  fixed s t a t i c  longitudinal s t a b i l i t y  

derivative,  or s t a t i c  margin, is 

the  partial d i f fe ren t ia t ions  carried out with 6 held constant. 

2 C M  / ~ C L  

C .G. I s  a t  the "center" of the.e& load d is t r ibu t ion .  

t h e  configuration is s t a b l e .  

When 

= 0, the configuration is  neut ra l ly  s t ab le  and the 

For dC,/JC, C 0, 

Drsg due t o  l i f t :  The coefficient of induced drag due t o  lift 
(based 00 the  wing area) l e  

where q',,=do (1 ,  y) i s  the additional angle of a t tack  d i s t r ibu t ion  

corresponding t o  any l o c a l  twist and camber. With the  a i d  of Eqs. 2 

through 6, Eq. 9 becomes 

s u r k c e  

cumbered S u r k c e s  

where coo i s  the  drag coefficient due t o  camber p l u s  t w i s t ,  i . e . ,  

t h e  drag coef f ic ien t  due t o  the load d i s t r ibu t ion  when 0 and 6 a re  

zero. Note that the f i r s t  bracket I s  s i m p l y  CL. 
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It is convenient t o  introduce the  notat ion 

do-Q')CL. 
arranged as follows: 
Config. 1 or 2, 

= w / s C ,  , 2 = J/ /CL - 
Then Eq. 10, with the  a id  of Eqs. 5 and 6, c a n  be re- 

For the  wing plus tail (or wing plus canard), 

( In  applying Eq. lla t o  Config. 1, put 4 
it t o  Config. 2, put B w o t = O  .) The f i r s t  term I s  the  drag (or, 

more s t r i c t l y ,  t he  contribution t o  / !eL '  ) produced on the 

wing w i t h  no t w i s t  or camber, the  second term 13  the drag on the  

t r i m  surface with no twist or camber, and the remaining four terms 
give the addi t iona l  drag that arises if t he  surfaces  are twlated and 
cambered. 

0 , and when applying 

For the ving-alone case, Config. 3, 

D 
4 
2 
5 

_ .  
s u r h c e s  

where the f f r s t  term is the drag on the .par t  of the  wlng forward of 

t he  f l a p  and the second term is  the  drag on the  f lap ,  both surfaces 

assumed t o  be untwisted and uncambered. 

give the addi t ional  drag that arises i f  the surfaces  are twisted 
or cambered. 

The remaining four terms 
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If t he  t r i m  surface is undeflected with respect t o  the wing 

(0 = 0) and if the  surfaces a re  f l a t  (4 = 0,  hence c, = o and 

cL,  = 0 ), then, from Eqs. 10 or 11, t he  induced drag para- 
meter is simply 

for a l l  three configurations.  

f la t  surfaces 

T r i m  condition: If the  configuration is in t r i m ,  then 

CM - 0. 
2 c W / ~ c L  

The angles a and o a r e  then determined as a function 

from Eqs. 1, 7, 8 with CM = 0. The result is 
of 

D r a g  due t o  lift of f l a t  configurations i n  t r i m :  For these 
configurations the terms of Eqs. lla, -b, due t o  t w i s t  and camber 

are zero and Ch in Eqs . 13 and 14 is zero. 

values of a and 6 i n  Eq. Ila then gives f o r  the wing-plus-tail 

(or wing-plus-canard) configuration 

Inser t ing the t r i m  

(dCm/d&)c, ,  which is obtained by holding CL fixed but l e t t i n g  

a vary with 6, is a derivative s i m i l a r  t o  t h e  "elevator power", 

where here t h e  "elevator" or  t r i m  surface is an all-movable tall 
or canard (Eq. l ga )  or a wing trail ing-edge fLap (Eq- 15b). The 
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corresponding equation f o r  the ving-vith-flap configuration (from 

Eq. l l b )  is 

with R as i n  Eq. l5a. I n  Eq. l5b the  w i n g  area is defined, in 
accord with current usage, t o  include t h e  area of t he  f l a p .  If 
instead one were t o  exclude the fLap area from the wing area, then 

Eq. 1% would a l s o  apply t o  tte ving-plus- ibp case.  &,,,,,vou~ 

be zero, aX,,would be l-(cL d: ) w / c ~ L  >T. (Note that 3T would 

then be the r a t i o  of the ?Lap area t o  the area of the  wing forward 

of the  f l a p . )  Cb would be given by Eq. 5a. 

when the leading edges are subsonic (,&H 
i n  drag due  t o  leading-edge t h r u s t  is computed in Appendix D for 

some special  cases of flat configurations.  

Eq. 15 does not include any leading-edge th rus t  vhich might e x i s t  

9 ). Tha reduction 

Drag due t o  l i f t  of canard p l u s  wing with t i p  panels unlformlz 

For t h i s  configuration, t he  ving t i p  panels are twisted, i n  t r i m :  
deflected by the constant angle a. with respect t o  tbe inboard por- 

t i o n  of the wing, giving the  ving an elementary t w i s t .  Eq. lLa, 

with the aid of Eq. 1, becomes 

The f i rs t  two terms o? Eq. 16 a re  exactly equal t o  the f i r s t  two 
terms of Eq. l l a  with &,,,,,=O plus the last term of Eq. 1la. The 

coeff ic ients  A,, and depend on the configuration geometry and 

Mach number and a re  evaluated f o r  a spec ia l  case i n  Appendix C. The 

values of a and 6 f o r  t r i m  are given by Eq. 13 and 14 with 
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f o r  a d e l t a  wing with sonic or supersonic leading edges. 
ratio of the  area of t h e  two panels t o  the  a rea  of the  w i n g .  

Sp is the  

If on- chooses a. t o  minimize the drag (Eq. 16) of t h e  config- 

urat ion,  then 

The coef f ic ien ts  B1 and % a re  functions of Mach number and the  con- 
f igura t ion  geometry and are evaluated numerically for a spec ia l  case 

i n  Appendlx C .  Note that (ao) varies  v i t h  dC,IaC, , 

D r a g  due t o  l i f t  of configurations with varying t w i s t  and camber, 

Germain ( 3 )  has determined the  induced drag of ce r t a in  op- in t r i m :  

t iwal ly  twisted and cambered de l t a  planfore  wings with sonic leading 

edges ( /Bm = 4 ) . Specif ical ly ,  he has determined t h e  minimum 

drag f o r  a prescribed l i f t ,  and the minimum drag when both l i f t  and 

moment are specif ied.  The r e su l t s  can be presented in t h e  form 

- 
/ %) = Cunctron OF f(p) \,BCLz min, 

= 0. 2222 + 1.409 (0.0556 - 

where is the non-dimensional distance from the  center  of pressure 

of the twisted-cambered wing t o  the centroid of the  wing area. For 
any given value of 

is required t o  achieve the minimum c9/pCL' . The magnitude of t he  

angle of a t t ack  a t  any point depends a l s o  upon,8and CL. If l i f t  only 

is prescribed, the  minimum value of drag is obtained with = .0556 
(measured i n  m.a.c. un i t s  of whatever d e l t a  surface is being consid- 

ered)  . 

a spec i f ic  d i s t r ibu t ion  of l oca l  angle of a t tack  

L. 

For Configs. 1-b and 2-b, both the  wing and the  t r i m  surface are 

optimally twisted and cambered for a prescribed l i f t ,  so that f o r  

. 
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- 
e i t h e r  surface alone in the  free stream, Eq. 19 with P .I .0556 
appl ies .  That i s  

where ' "7  andcL 7 are based on the trim-surface planform area. 
The t o t a l  load on t h e  wing and load on the  t a i l  may be varied so 

that t h e  configuration can be trimmed. 

e = o  A N O J =  o 
of t w i s t  and camber. If one neglects t h e  interference between t h e  

wing urd the t r i m  surface , then the l i f t ,  moment and induced drag 

coeff ic ients  are 

One can a r b i t r a r i l y  choose 

so t h a t  the to t a l  l i f t  comes from the d i s t r i b u t i o n  

c = c = c  
0; 0,  

wherez, andY, 

on the  wing and t r i m  surfaces respect ively.  

the  drag equation may be writ ten 

are measured from the  C.G. t c  the  centers of load 
With t h e  a i d  of Eq. 20 

Lu T 

* The Interference-rO as the  v e r t i c a l  gap between the surfaces-o, . 
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The s t a b i l i t y  parameter is still  given by a. 8. ( I t  mcasures 

the reaction t o  a disturbmce vhich changes the angle of a t t ack  of 
the configuration as a r i g i d  un i t .  That is, although t h i s  config- 

uration when in equilibrium has a = 0, the disturbance produces a 
non-zero a.) "he wing and t a i l  loads f o r  t r i m ,  from Eqs. 8, 21 and 

22 with Cw = 0 are 

The lengths xo , -  x ~ a n d  z,w-zoc , vhich are functions O f  

and the  distance 

centroid of tbe t r i m  surface,  a r e  evaluated in Appendix A. 

from the centroid of t he  wing area t o  the 

The t r i m  drag e q u t i o n  is then 

For Conflg. 3-b, optimally twisted and cambered wing alone, 

t r i m  is effected by varying which requires varying the  d i s t r i -  

bution of local angle of a t t ack .  The drag equation is simply 

where f ( p )is given by Eq. 19. If the configuration is i n  t r i m ,  
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t h e  C .G. is located at th distance p ahead Of the centroid of the  

wing. The s t a t i c  s t a b i l i t y  parameter i s  

It is evident t h a t  the  drag values f o r  COnfigs. 1-b, 2-b, and 

3-b a r e  actually lower bounds i n  that the  t w i s t  and camber of the 

surfaces change with Mach number, lift coef f ic ien t  and C.G.  posi- 

t i on .  Furthermore, In 1-b and 2-b, the  interference between the  

wing and the  t r i m  surface is neglected. 

d i t i o n  one could theore t ica l ly  achieve the  drag values of Eq. 28 
for Conflg. 3-b, and near the  design conditions, the drag values 

should be close t o  the values of Eq. 28. 

However, a t  t h e  design con- 

Maximum l i f t - to -drag  r a t i o :  In  general t he  w i m u m  l i f t  t o  

drag r a t i o  of any zero-thickness configuration is 

wherecof is  the  s k i n  f r i c t ion  d r a g  coef f ic ien t  based on the  wetted 

area of the configuration. c 
Reynold's number (and a l s o  upon the heat t r ans fe r  r a t e ) .  5 is the  

f 
r a t i o  of the wetted -ea t o  the  wing area: 

depends upon the Mach number and 
*f 
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for the  wing-plus-tall (m wing-plus- 
canard) configuration 

SI = 2 f o r  t he  ving alone ( v i t h  f l a p  or t w i s t e d  
and cambered) 

It is  convenient t o  present t he  graphical r e s u l t s  a s  the r a t i o  of 

(L/o>MAx of t be  t r i e d  configuration t o  (//D)M,xof a f l a t  un- 

trimmed sonic-edge delta wing alone. For t h i s  l a t t e r  configuration 



CDL/CL2 = . ‘ 5 /8  

so that the(L/D),,, is 

I 

SONIC-EDCE D€LLTA W f N G  ALONE ‘a - - 
@ / D I M A X ,  F L A T  UNTRIMMED 

1 

The ra t io  of (L/D)mAx of a trimmed configuration t o  (L/D),, 
of the flat untrimmed sonic-edge delta w i D g  alone a t  the 6- Mach 

number and Skin fYlCtlOn drag coet’ficient i s  then 
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IV . DISCIGSION 

A .  General "rends ( F l a t  Surfacee - No Leading-Edge Thrust). 

D q  as hnct ion  of static margin: If the wing and trim eurface 

aspect ratios u e  the same, then the coef f ic ient  of drag due to lift of 
a flat configuration in  trim is given by 

The coeff ic ient  of drag due t o  lift of a wing-with-flap configuration 
i n  trim l e  given by 

D 
4 
2 
E 1 

* Eva lua ted  in Appendix A ( E q .  A-4) M a function of 1 , lift cUNC 
slopes, and magnitude and location of induced load (interference). 

5 

. 
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A t  zero s t a t i c  =gin, the drag coeff ic ient  is simply the l i f t  

coef f ic ien t  squared divided by the l i f t  curve Slope of the canplete 

configuration. AS the s t a t i c  -gin increases, the drag incnraes: 

I t  is inmediately evident that the th i rd  terms of Eqs. 158' -b in- 

crease as-ac,/dc, incrcaees; it can a l s o  be shown tha t  the second 

terms increase as  - dc, /dC, increases. 

tail or f lap;  (S C, / a  ,J), > o fo r  a c . . ~ d . ]  

From Eqs. 15 it is a180 seen tha t  an increase in the magnitude 

of (dc, /J,$) cL , the trim surface "power" decreases the magnitude 

of R . I f  t h i s  increase can be achieved without altering the coef- 

f i c i e n t s  of R and R2, e.g., by increasing /z/ , then a given s t a t i c  

margin can be achieved with a smaller drag penalty. 

[(deH /d d)c 0 fo r  a 
L 

L 

The variat ion of c f /cL2withdcM/>CL is shown i n  Figs.2 
0; 

t h o u g h  5, 8nd 7. 

Drsg as function of geamctric purmeters sr, /z/# G AND A? : 
In  the numerical calculations of the drags of the wing-plus-tail ud 
wing-plus-csnard configurations, the t r i m  siiriace b s  the same anpect 

r a t i o  M the w i n g  ( R r = H w  = A?) . For the wing-with-flap config- 

uration8, +R7 # MW = 4 ; hovever, RT can be expressed as a 
function of S, and /Rw . 
parameters is studied: 

surface ta tht of the wing; 

area of the wing and t h t  of the  t r i m  surface, measured in wing m.8.c. 

un i t s ;  G , the ve r t i ca l  gap between the rem surface ~ n d  the vortex 

sheet  shed from the forward surface measured in uni t s  of w i n g  span; 
and A? , the  wing aspec t  r a t i o .  (Note t h a t  A? always appears in 
ccmblnation with the Mach number puamekr ,d=m.) 

Thus the  e f f e c t  of only four geomctric 

ST,  the r a t i o  of the planform u e a  of the t r im  

121 , the di8t.nce between the centroid of 

For the wing-with-?lap configuration two values of S, are used: 

.25, .50. For most of the cases the wing with the la rger  f l a p  has the 

less drag (Figs. 4 and 5 ) .  
b e t t e r  fo r  small s t a t i c  margins fo r  the low aspect r a t i o  wing with 
pH = 1.5 and having no leadlng-edge thrus t .  

However , the smaller f l a p  appeaxs t o  be 

For the  wing-plus-tail  

However , a fev calculat ions of (L/D)- have been made fo r  

(or wing-plus-canard) configurations , Sr=.2 5 fo r  almost a l l  the calcu- 

la t ions .  

c o n f i m t i o n s  with other values of S,. The r e su l t s  axe discussed in 

Section I V  F. 
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0.40 

0.59 

1.5 
3 -0 

For tho ving-vith-flap configuration, 2 umot be wid lnde- 

pclldently of ST but is related t o  5 ,  by the  equation z=(/-%) +(/+-I. 
For the ving-plus-t.11 (or Ving-plus-canard) configur8tion8, tVo 

values of 121 were picked: 1.5, 3.0. Increaeing means increasing 
I (dcM/Ji)cL/ , the trim-surface "power", 8nd t h i s  decreases the drag 

accordFng to Eq. 158'. This trend mey be seen in Table 1, in vhich Cor 

- o 296 Wing v i t h  f lap* 7 
- 0.236 W i n g p l u r f l a p *  7 

wing plus tail 2g 00 0.206 

00 0 201 wing plus t8il 2g 

- 

TABLE 1: Effect of vlrying tal l  hn&h 
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1 I 1 I I 

* NOTE: For the vlng w i t h  f lap c.se the ving area inclrdles 
the f lap  u e a .  
area excluder the f l a p  area.  

For the ylng plus f l a p  case the v b g  

each of the caniigurstiam there is no h t e r f e r e n c e  between the ving 

and the trim surface. !0e ving and flap configW8tions ccmpare aa fol- 

lows: 
Line 2 a flap is attached to the trailing edge of the vhg. 

I n  line 1 the aft part of the ving ie deflected a f l 8 p  but in 

Changing the v e r t i c i l  gap G a f fec t s  J-, or Jr,,,,,, the average 

induced dmwash angle per un i t  def lect ion of the forward surface. 

This average downwash angle is a memure of the  Interference betveen 

the wing and tail or canard. One of the  pr imuy e f f ec t s  of reducing 

the interference is that it decrerser the drag by increasing c,, . 
Interference a l s o  entere  Eq. l5a' in the coef f ic ien t  of R and t o  a 
l e s se r  extant, in-(dCr / d s ) c L  . 
above or  below the vortex sheet IL given dis tance does not matter, 
since the davnwseh field 1s symmetrical v i t h  respect  t o  the  vortex 

sheet .  The e f fec t  of changing G is i l l ~ ~ t r a t e d  i n  Table 2. It 

Whether or not the r ea r  surface is 
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G 
0 

0.05 

0.10 

0.50 
00 

. 

See 
Pig. Wing Plur Tail wing Plus canard 

=,R,,, C, ;hqZ  JTOW ".;l"c,' 
0.140 0.225 0.305 0.264 13,2b 

O.ET 3.223* 0.151?+ 0,228* - 
0.048 0.208 0.050 0.208 132e 
0 0 .xK) 0 0.200 2g 

0.138' 0.225' 0 .236  0.246' - 

is interesting t o  note (Table 2a) that the drag decreases much more 

rapidly for the canard configuration t h n  for the all configuration 

as the &sp increases frcm zero. Already at G - 0.10 the tvo c a f l g -  

urations have very nearly the 6-e drag. A t  a posit ive s t a t i c  -gin 

(Table 2b) the decrease in  brag with increasing C is somevhat greater 

than  a t  neutral s tab i l i ty .  

T ~ L E  2: Efrect of changing ver t ical  gap 

Set 
Pig. Wing Plum T a i l  Wing Plus Canard 

r 

0.048 0.216 0.050 0.217 1 '2 1 1  0 I 0.205 1 1  0 1 0.205 

ApproxFmste calculation based on expansion of Eqe. B-7,8 about C = 0 . 
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A range o f P A  f r o m  1.5 t o  8 is studicd here. In general ,  the 

drag parameter, C,'//C:, decreases as the reduced aspect r a t i o ,  

, increases but  the rate of decrease diminishes v i t h  increasing 

For the vlng with f l a p  case vhen the wing has ruperronic leding ,&H. 
edges the d r q  does not  vary vith,&'/??. 

leading edger and leading-edge thrust ir not included, the d r q  decreases 

with i n c r e a s i n g P A b u t  when leding-edge t h r u s t  is included the mini- 

mum drag point occurs nea.r/A= 3 (Fig. 6).  

B. 

(No Leading-Edge Thrust) 

When the w i n g  har subsonic 

Compsrison of Wing-Plus-CCurarb v i t h  Wing-Plus-Tall Configuration8 

Flat  ving plus tail and ving plus caneud (configs . 1-8 and 2 - 4 :  

The colnpuiaon will be d e  only on the  bas i s  of trim drcrg, .nd the 
e f f e c t s  of various parameters on the trim drag vi11 be exssllncd one at 
8 time. 

ving and tail (or  canard) aspect r a t i o s  and hence lift-curve slopes 
w e  the name, it is convenient to  refer to Eq. 1%' (Section IV A) 
r a t h e r  than t o  Eq. 1% 

Since c a l c u l ~ t i o n r  have been made only for the case vhen the 

in making the c a n p a r l s o ~ .  

F i r i t ,  i f  there  is no interference between ving 8nd tail (or 

canard), i . e . ,  I~J,,,,~~= o (or-.&,,,,- 0 1 ,  and i f  Coniigs. l a   ani^ 

2 a  have the same / I /  and the  8 e m  s t a t i c  margin, then €I2 is t he  name 

f o r  both configurations, and the coe f f i c i en t  of R i n  Eq. 15a' becomes 

zero. Hence the trim drag of t he  tvo configurations i r  t he  same. 

This can be seen more d l r e c t l y  as follows: 
t r a l l y  stable trinrmed configurations o? Sketch (a)  f o r  which the  

c.g. is at the  neu t r a l  point No. 

F l r s t  examine the neu- 

The wing and trim surface 

ving t a i l  I canard Ving 

Sketch (a) : 7leutrally Stable Configurations 

w i l l  be a t  the same angle of at tack.  

geomctrically similar to the ving. 
Assume t h a t  the tail is 

Then 

5, 
L T  ST 

- - -  - L w  
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Since it is Msumed that there is no interference betveen the ving 
and trim surface, the drag cannot depend upon the relative locations 
of the surfaces. For this neutrally stable case, the loadings on the 
two configurations are identical. Hence it is evident that the drags 
of the two configurations are the same. Now shift the center of 

gravity of each configuration forvard by the samc amount, Z, , so 
that each configuration has the same positive static margin. To 
r e t r i m  either configuration, maintaining the same total lift, it le 
necessary to add the l o d  A L  , vhich is proportional to T d  , to the 

forward surface and to subtract the same load d L  from the rear rurfrce 
m in Sketch (b). For the c a n a r d  configuration, 

Sketch (b): Configurations with Same Positive Static -gin 

additional load is carried on the trim surface and less on the ving; 

for the tail aft configuration, the reverse is true. The drags are 

then: 

C'W + T  
for tail aft case 

for canard case 

With the a i d  of (a), It le seen that the cross-product terms in both 

(b) and (c) dinappear. Thus the flat non-interfering wing plus tail 
hss the stme trim drag as the corresponding flat non-interfering ving 
plus canard, both configurations having the same positive static l n rg in .  

Note that in Fig. 2g, for vbich G - 00 which mean8 there is no in te r -  

ference, the drag curves for wing-plus-tail a d  wing-plw-ca~d con- 
f igurat iona are ident ical. 
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As the gap G decreases , some unfavorable interference arises. 
JWoT ( o r  A,,,) acquins a positive a u e , c c ,  decreases, a d  hence 
the drag increases. This effect i r  greater for  the ving-plus-canard 
thn for the wing-plue-tail configuration, M seen f i c m  Fig. 2. 
Figure 2 also s h m  tht, as G decreases, the variation of 

cDi 
nounced for the wing-plus-cmsrb than for the wing-plus-tail config- 
urations. 

with JC, /JC, incremes , and this effect is more pro- 

Of 8peci.l interest is the cIBe for vhich sT 4 woT , for the 
ving-plu-tril configuration, equals A,,, of the corresponding ving- 

plus-cawd canfiguration.* c , Eqs. 5a, -bJ is then the same 
for the tV0 configurations. It can also be shorn that / ac,/J 
is nearly the s r w  (see Eqs. 6 and A-4) .  Thus I R I is  essenti.lly the 
same for both configurations. Also, the magnitude of the coefficient 
of R is  the same. Thus, for  this special case, the wing-plus-t.11 
and wing-plus-canard configurations have ersenthlly the same brag. 

For -.&To,< s , ~ , . , ~ ,  
drag than the corresponding wing-plus-tail configuration. 
of this latter case is s h m  in Fig. 2e *ere G = . 5 ,  1 2 1 ~  1.5, 

L d  

/ 

. 
, the wlng-plus-cansrd configuration h a  less 

A n  example 

/&=  8 and 5 ,  m.25. The values of a,,, and S,A,,,,, are appr~r- 

imately ,018 and .028 respectively. 

In the precedhg discuesion, the comparison between the trim drrg 

of the w i n g  plus tail and the trim drag of the w i n g  plus canard haa been 
&e with both configurations hving the same values of G, /l/,p", ST 

and ac, / d C ,  . 
plus-canard configurations it might for some reason be more pertinent 
to canpare the configurations at unlike Vahes of sane of the parameters. 
For example, perhaps a wing-plus-cansrd configuration i s  inherently 
suited to have a longer tail length thn e wing-plus-tail configuration. 

In actually deciding betveen ving-plus-tail and Wlng- 

say G = o,,&R = 4, sT = .25, - J C  2cL .io and 121 = 1.5 4 
for the ving plus tail and 3.0 for the w i n g  plue canard. 
2b and 2d) c o 4 ,  / / B C L 2  A .24 for the w i n g  plue tail and co&!/c: 

"hen ( F i g s .  

.275 for the w i n g  plus cI"d (instad of .295 Vhen 111 = 1.5). 

Comparing s,Awo,withATOWis equivalent to comparing Sr -.Gwo, 
with & ~ c , o ,  which latter compvison displays more symmetry. 
However, it has been convenient throughout to divide through by 
the wing area. 

4 
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Should subsonic s t ab i l i t y  requirements make it possible a t  super- 

sonic cruise conditions for a wing-canard configuration to operate 
a t  a much smaller s t a t i c  mugin than a w i n g - t a i l  configuration, then 

the supersonic induced dimg of the trinmcd wing plus caDard might 

be 8 s  small or 
wing plus tail. 'llhus, if the two configurations are the same as in 
the previous example except that the s t a t i c  margin for the ving 

plus tail is .25 instead of .lo, then the f lat  wing plus tall, 

w i t h  eoi/ @ c: 
plua C ~ L U U ~ .  W i t h  proper twist, the ving-canard configuration in 
such a canprison vould have less  drag. 

srmller than the supersonic Induced drag of the triPmrd 

. 28  hae about the same drag 88 the f lat  w h g  

canard pius vi- 111th UiiordLy twisted t i p  paneis - conrig. 2 4 :  

c he discussion of flat vings and t a i l e  (or cuurds)  indicated that vith 

interference prerent, the wing-plus-tail configuration has somewhat 
less  drag 'than the cerrtspdi.?cg viqpphm-errlard confiepmtian (except 

at  very higb/m) .  
that the t i p  region is at a lover anglo of attack than the center 

region, then the fol lovlng effect8 occur: F i r s t ,  reducing the lod 

on the tip8 and Increasing the lod in the center sh i f t s  the center 
of load on the wing forvwd. Then less  lord need be carried on the 
canard ta trim the configuration so t h a t  the interference effkcte be- 

come less severe. Secondly, this s h i f t  in lod results in a better load 

distribution over the wing so tbat the drrg due to a given lift on the 

ving is decreased. 

hence its drag is reduced. Table 3 canpares a cuurd-plus-flat-wing 

configuration w i t h  a Canard-plur-Ving-Vith-twi8kd-tipS configuration. 

Thc corresponding flat-ving-plus-tail configuration is also included. 

valuer of S, Awe, = .159 and R Tow = .295 were computdl iram 
Trefftz-plane values of davnwarh assuming a flat  vortex eheet (Section 

I V  G ) .  

However, if the wing t i p  panels are tv ir ted  8 0  

Thirdly, the canard is more l igh t ly  loaded md 



28 

TABLE 3: Angle of a t t s c k ,  load and drag on wing and canaTd ( o r  tall) in 

angle of attack f r ac t ion  of 
( i n  r d i a n s ) + / C ,  a t  t o t i l  load on 

wing wing canard ving canard 
c t r .  t i p  (or  tail) (or tail) 

Conflg. - ~ + ~ o  2+ s L W / L  L ~ / L  

’Irt .262 ,262 .262 .737 -263 PI- 

Canard 
plus ving .325 .064 208 -792 .m7  
i i t h  tvi8t-  
Ed tips 

7 l . t  r ing .917 .083 ail -229 0229 ,229 

trim. Canard plus w i n g  v i th  uniformly t w i s t e d  t ips  compared with  
f l a t  configurations. 
sheet. 

Interference computed by aaeuming f l a t  vortex 

G= 0, PA? = 4, / I /=  L 5 =  ST = y+ 
- .- 

:a) x,/>e, = O  
coe l f i c i en t  of drag due 
t o  liit + / = L a  of 

w i n g  c m u d  total 
(or t a i l )  

cOi&c*i,/~c,’ G~/BC:  

193 .069 .262 

.181 .Ob3 .224 

.210 .019 .229 

Conf ig . z a+% .% + 3: LJL L , / L  

F l a t  w i n g  

canard 

Canard 
pius  wing .366 -.o2a++ .3a4 .615 ,385 
v i t h  t w l s t -  
ed tips * 
Flat w i n g  

plus .271 .271 .466 .532 .468 

plus ail -271 -271 -083 1.082 -.m 

5,. 
-144 .218 .362 

.l27 .148 -275 

,286 . a 3  -.007 

A n g l e  of t v i s t  picked t o  minlmize drag when (a) dC, / d c ~  = * 
(b) aC,/JC, =- . zs  . 
The t i p  angle of attack I s  negative, bu t  the load on the t i p  is not 
neceesarily negative since the t i p  l ies  i n  an upwash f ie ld .  

, 
The off-deeign drag values are shown i n  Fig 3a. 

* 
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Note in the table that the canard plus w i n g  vith twisted tips 
actually has less drag than the flat ving plus tail. 
configuration could also be improved smevhat by twist and camber. 
Hovever, not nearly as much improvement is expected because unlike 
the wing-plus-canard configuration, neither surface of the wing-plus- 
tail configuration operates in a highly non-uniform downwash field. 

The latter 

Thus finally it appears that on the basis of the same fail length 

, o m  area ratio 111 
static xmrgin - then: is very little difference in tbe trim drag of a 
wing-plus-canard ad a ving-plus-tatl c b n i m t l a a ,  if (ILY M a t s  

ad camber6 the eurfaces aa neeclecl. 

sT , same M p C t  ratio, oamc gap, anri same 

C . Ccmparisoa of Wing-Plus-Tail and Wing-Plus-Canard Ccmfigurations 
to Wing-With-Flap Configuratiom (PI& Surfaces - No Leading-Edge Thrust) 

In the present method of analysis three effects occur in go- 

f i a n  a wing-vith-flSp configuration to a ving-plus-fail (or ving-plum- 
canard) configuration. First the area on which a given l o d  can be 

curid is IncrrasetI. (NO& CeL and cc sre based on ths 
wing area.) Secondly, the interference between the wing and the t r i m  
surface is increased. This ir related to decreasing the aopect ratio 
of the syrtem. Thirdly, the norent a m  of the Oy8t-m is increased. 

The a c t  that the area increases in going from a wing-with-flap 
configuration to a wing-plur-tail (or ving-plus-canard) configuration 

ir a result of defining the  VI^ area to include the flap area. 

instead the ring area vere defined to be the u t a  of that p u t  of the 
w i n g  forward of the flap, then thio srea increase vould not occur. 
Furthermore this "wing-plus-flap" configuration could be treated 

exactly .B a ving-plua-tail configuration. 
f i t a n  Eq. 1% vith CLa given by Eq. 5a. (Note that Eq. 15.' is 

applicable to this ving-plus-flap configuration for * 4 , but 
not for p/?3<4, since in the latter case,&(cLd)T#/(cLl)w .) 

A Tow 
is zero for 2 9 . Hmver, almost all the calculations are 
made with the wing area defined to include the flap area. The only 
exceptions are Fig. 7 and several tables in vhich both definitions 

are used ilterrtively. 

If 

The drag codd be feud 

vould be zero and A,,, vould be 1- (CLd)w/@Ld)Tvhich 
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In  Table 4a ,cD4 .~c :o f  the flat ving and f l a p  is computed 
al ternat ively using the defini t ion of w i n g  area t h a t  includes the 

f lap area and using the deflnitien that excludes the f l a p  uea. Then 

the flat ving and f l a p  is compared with f la t  ving-plus-tail  and ving- 

plus-canard configurations. For cases I1 or  I11 aa campand with I, 

the trim surface gives added area on which the load can be carr ied and 
this decreases the drag. 

IV 

1 .5  
0 

.140 

0 

.278 

2b 

Table 4: Camparison of trim brag: F l a t  ving and flap, f la t  Wing plus 
tail, u u i  f h t  ving plus canard. PA?= 9 , sT = ’/4 

V 

1.5 
0 

0 

-305 

* 370 
2b 

Srunples to  i l l u s t r a t e  e f f e c t s  of increasing area and of incrcos- 

ing intarierence.  2 C, /JC,= o , / I  I arb i t ra ry ,  s = o 

0 

0 

.424 

I 
w i n g  with 
f l a p  ( w i n g  
includes 
f lap)  - 
- .. 

025 

4,7 

0 

0 

-235 

I1 
w i n &  plus 
f l a p  ( w i n s  
excludes 
f h P )  - 
0” 

0 

.20 

7 

I11 
wing plus 
tail (or 
-1 

W 

0 

0 

.20 

a3 

I V  
wing pluB 

~ 

0 

.140 
0 

.225* 
2b,d 

Examples t o  i l l u s t r a t e  e f f e c t  of increasing moment ann. 

d c M / 2 C L =  -.25 , S Z  o Configurations a s  in (a ) .  

lSee Fig .  

1 

.40 - 

7 Pi3 I 

V 
W h g  plus 
culard 

0 

0 

305 
.265+ 

,d 

1 

These values d i f f e r  s l i g h t l y  from those of Table 3 since i n  Table 3 the 
interference w a s  computed by assuming a f la t  vortex sheet while here a 
rolled-up vortex sheet is assumed. 

For /BA?< 4 , it 
would be posi t ive.  

** F o r F R Z  t h i s  average interference is zero. 

D 
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Table 4a a l s o  shovs the e f f e c t ,  i n  going from f h p  t o  tail or 

canard configurations, of increasing the interference.  
i n  going from I1 t o  17 or  V the interference increases and the drag 
Increases. I t  is interest ing to note that in  going from a wing and 

f l a p  t o  a wing plus tail (o r  c a n u d )  one is decreasing the arpect  

ratio of the system ( i n  the present method of analysis) .  Decreasing 

the aspect r a t i o  of a wing In general  tends to decrease its eff ic iency 

as a l i f i i n g  surface and thio can be explained in terms of interference.  

For example, on a very lov MpeCt r a t i o  r e c t a n g u h r  ving most of the 

load is curled on the  f o m d  p a r t  of the ving and very l i t t l e  on the  

rear p a r t .  If these parts vere t reated as separate surfaces,  then the 

rear p a r t  would be operating ine f f i c i en t ly  because it is in the down- 
wash f i e l d  of t he  forvard part. 

For exsmple, 

For all the cases of Table 4a, the configurations are  neutral ly  

s t ab le  and the t r i m  surface is undeflected with rerpect  t o  the wing. 

However, in Table 4b, the configurations each have a por i t i ve  s t a t i c  

Irr^cgin of the same amount; t h e  t r i m  surfaces are deflected with 

respect  t o  the wing, and the e f f e c t  of changes in moment a m  can be 

demonstrated. For example, in going from a ving-flap configuration, 

t o  a ving plus tail (or c a w d )  , the moment a m  increases and the 

drag decreases. 

The mwimum l i f t - to-drag r a t i o s  of the configurations of Table 4 
a r e  given i n  Table 5 (Section I V  F) . 
D. L:ffects of Twist and Camber - Bounds on Wing-Plus-Tail, Wing-Plus- 

Canard and Wing-Alone Drags 

Config. 3-b, vlng v i t h  t v i s t  and camber: I n  general one can ex- 

pect to decrease the drag of a l i f t i n g  surface by giving it a proper 

tw i s t  and camber. Germrin(3)  has found the drag due t o  lift of a 

sonic-edge delta-planform wing (/?& = 4) optimally twisted and 
cambered to minimize the drag under the constraints  of a specif ied 

l i f t  and a specified moment. There is an optimum d i s t r ibu t ion  of 
l oca l  angle of a t t r c k  for each design condition. 

condition values of ,&,  e,, and dccl/dcL have been specified.)  

These minimum drag values, vhich can be considered as a bound t o  ving- 

alone trim drag, a r e  shown in the  love r t  m e  of Fig. 4. 

that a considerable reduction i n  drag fran the flat-wing-vith-flap 

( A t  a design con- 

I t  is seen 



value can be obtained by o p t l m l l y  t v l s t l n g  and cambering the wing, 

p a r t i d l y  at  l a rge  - dC, /JC, I t  is i n t e re s t ing  t o  note tbt 
the lovest drag occurs at-JCC,/dC,- -0556, a positive value of the 

s t ab  11 i t y  . 
. 

Configs. 1-b and 2-b, w i n g  plus tail ( o r  c a n u d )  v i t h  t w i s t  m d  

- camber: 

be reduced by proper t v i s t  and camber of the ving and t r i m  surface. 

The beneficial  e f f e c t  of t v i s t i n g  the t i p  panels of a wing i n  the down- 

vaeh field of a canard has already been seen (Section I V  B,  Config. 

2-c) .  Here the e f f e c t  of t w i s t  and cember of the w i n g  and of the tr im 

surface of a configuration in  which there  is  no interference ( G  = 00 ) 

is examined. 

of sonic-edge d e l t a  planform designed to give a minimum drag f o r  a 
specified l i f t .  

but the magnitude i s  a function of ,& , 
again the low drag value can be achieved only at the design condition 

(and with G = 00) so t h a t  the lowest curves of Fig. 2g sre also i n  the 

nature of a bound on the  drag values of a Ving-plUB-tail (or  wing-plus- 

canard) configuration. 

large - JC,,,/JC, and amall tail length /1/ a s l i g h t l y  lower drag 

f o r  the configuration night be achieved by choosing a wing and a t r i m  

surface optimally twisted and cambered with both l i f t  ad moment 

specif ied.  

would be greater, but t h i s  might be o f f s e t  by ge t t i ng  an e f fec t ive ly  

longer moment a r m . )  

The drag of the f la t  ving plus f la t  ta i l  ( o r  canard) can a l s o  

' 

The wing and tail ( o r  canard) are each a "Germain ving" 

The d i s t r ibu t ion  of l oca l  angle of a t t ack  is fixed, 

c, and- 2 C, / d  C ,  . Thus, 

( I t  may not be a t rue lover bound in  that f o r  

The drag f o r  a given l i f t  of the individual components 

E .  Leading-Edge Thrust 

When the leading edges a re  subsonic ( /& C f o r  d e l t a  plan- 

In most forms) it is possible fo r  some leading-edge th rus t  t o  e x i s t .  

of the calculations n o  leading-edge thrust has been included. However, 

the drag of some of the wing-with-flap configurations,  and a wing-plus- 

tail and a wing-plus-canard configuration (each of the lat ter with 

p& = /. 5 , G = 0 ,  and interference found by assuming a f la t  

vortex sheet) have been computed under the a l t e rna t ive  assumptions 

of no leading-edge th rus t  and f u l l  leading-edge th rus t  (Figs.3,5,6). 

If fill leading-edge th rus t  is at ta ined,  there  i s  a considerable 

reduction i n  drag a t  small values of ,8". For example, fo r  a f l a t  

I 
4 
2 
5 

7 
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neutral ly  s table  wing w i t h / R  - 1.5, the  reduction in  

1s about 40& (Figs .  5a, 6a) ;  while with ,&A 
is about 17& (Figs. 3, 68).  Greater reductions occur at  posi t ive 

s t a t i c  margins. With f u l l  leading-edge thrus t  the drag of a d e l t a  

ving with subsonic leading edge6 is about as low or lover than the 

drag of a delta wing with supersonic leading edges. The var ia t ion 

with aspect r a t i o  is shown i n  Fig. 6a for  dc,/dC,= 0 

for  dC,/bc,= 7 Z'5 . When f u l l  leading-edge t h r u s t  a c t s  there 

I s  sonewhat less  var ia t ion with bc,/Jc, than when no leading-edge t h r u s t  

a c t s  (Figs. 5a, b ) .  For a del ta  w i n g  with a large flap, it I s  in te r -  

es t ing  t o  note t h a t  w i t h  fill leading-edge thrus t  the  minimum value 

of cOi//c,' occurs a t  a posi t ive value of the e t a t i c  margin 

(Fig.  5).  

F. Maximum Lift-to-Drag Ratio 

C P ~ / ~ C ;  
= 3.5, the reduction 

and i n  Fig. 6b 

Figures 8 through 12 give the r a t i o  of (L/DImAx of the 

various trwed configurations t o  the 

trimmed sonic-edge d e l t a  wing  a t  the same Mach number and with the 

same skin-fr ic t ion drag coefficient.  

thickness. 

(L fD)MAx of a flat un- 

A l l  the configurations have zero 

A comparison of configurations on the bas i s  of (L/D)MAx 
eliminates the  e f f e c t  of configurations having d i f fe ren t  t o t a l  meas. 
This is i l l u s t r a t e d  for  sonic leading-edge configurations i n  Table 5 
and d s o  in Fig. 11. A t  zero r t a t i c  margin, there  i r  no difference be- 

ween flat --alone and flat wing-plus-tail (or ving-gi~us-canard) 

coniiguratioae of zero interference (infinite gap). As the in te r fe r -  

ence increases, these configuratiom become poorer than the wing alone. 
For a c ~ / a c '  = 7 2 s  , the ving plus ta l l  or ving plus canard (except 

when G=o ) is superior t o  the vlng and f lap .  

o f fse t s  the s-er effective aspect r a t i o  of the ving plus tail (or 
CIllVd) in the campariaon to  the  ving and f lap.  

The greater moment arm 

'Ihc Cermain configurations of Fig. U. and a b l e  5 indicate  that at  
a given deeign condition, a considerable improvement i n  (L/D),,wcan 

be nude by proper twist and camber of the surfaces. (L/D)HAx of the 

f h t  w i n g  plus cauard is incnemed appreciably just by uniformly tvist- 

ing the K i n g  t i p  panels (%&de 5). 

me effect  on (L/D>, , ,~~ of c h a n g w  the t r i m - s m a c e  area h s ~  not 

been studied in deta i l .  kvever ,  some cdlculatione have been mrde 

for flat  wing-with-flap configurations and for f la t  wing-plus- 
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t a i l  and flat wing-plus-canud configurationr with sonic leading edges 

( a m  = 9) . I n  sane cases the optimum tr im area 

that the configuration has the highert  (L/D?M4x at a given s t a t i c  

-gin) b o  been found. 
between w i n g  and t r i m  surface, a luge t r i m  area is desirable; i f  there 

is interference and if the s t a t i c  margin is not too large, a s d  

trim area ir derlrable .  

( t r i m  u e a  such 

I n  gtnenl, i f  there  is no net interference 

For the wing-vith-flap configuration v i t h  @H 9 , far which 

care there is no.net interference, tho optimum f l a p  uea  i r  equal t o  

that p u t  of tba ring uea f o n n r d  of the f h p  (Fig. UC, S, = -50). 
For 4 ,  the net --flap interference is no longer zero and 

the optimurn f lap  area hs not been c a n p t e d  but  is probably less than 

.50. For example, forP/LR=/ .S  with no leding-edge t h r u s t  and a t  a 

saall s t . t i c  margin the f h p  with 5,  = . P S  is s l i g h t l y  better thn 

tht with S, - .50. Hovever, in mort caies  the lugcr of these two 

flap8 i r  better. 

For the fht vairig-'a?l or wiqpclu- . .??  ce~~+%garation- with sonic 

leading edges and a t  a posit ive s t a t i c  margin, i n c r e u i n g  the trim 

surface area up to the area of tne wing increases i f  there 
is no wing-tail or ving-canard interference (e.g. a t  G = 00 , Figs. 

U c ) .  A t  zero s t a t i c  margin is unaffected by the s ize  

of the tail or canard. 

(Fig. =a), for which value of G there is  maximum interference,  

<L/D)MAx is considerably higher i f  the tail area is one-fourth 

the w i n g  area than if the tail area equals the ving area. 

w i n g - c u u r d  configuration with C = 0 ( F i g .  Ub), (L/D)MAx is higher 

i f  the canard area is one-fourth the wing area than if the c d  

area equsls the wing area for law and moderate s t a t i c  w g i m ,  b u t  a t  
high s t a t i c  margins the reverie is true. A t  l aw s t a t i c  margins the 
lowest (f/D),, occurs a t  somc vmlue of S, -= I f o r  the canard con- 

figuration. 

for  the canard configuratione t h n  f o r  the tail configurations. 

For the wing-tail configuration with G = 0 

For the 

me r ize  of the trim surface - l eas  e i i e c t  on (L/D),,~ 

The optimum ail and canard &reM and the correrponding (L/D)-Ax 

values for  the /A?='?,  G = 0, 

s h m  in  Figs. Ua, b as functions of the s t a t i c  margin. A t  zero 

s t a t i c  margin, zero t r i m  area is optinnrm. 

/Z/ = 1.5 configurations are also 

A s  the  s t a t i c  margin 

. 
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increaser, the optimum trim u e a  

tfon t o  the s t a t i c  w g i n  except 
optimum canard h s  an  area equal 
flat configurations w i t h  optimum 

G. Average D m v u h  A&.e s 

increases approximately in propor- 

tht at lu’ge s t a t i c  mUgiM tht 
to that of the wing. I n  Fig.12 d varioue 
t r i m  areas are compared. 

Calculation of and ATOW : Since the drag of a vlng- 

plus-tail  configuration is quite depandent upon AWOT and the drrg 
of a wing plur u w d  is qui* dependent U p  A 7 0 ~  , it 1s IIcces- 
sary to define there numbers c l e u l y  and to darcribe hov they vera 
calculated. 
coefficient of i m ~ u c d  lirt on th t.11 is -A wo, 

s i m i h r l y ,  ATOW Is ruch tht the coeff ic ient  of induced lift on 

th wing is -~,,(w+s) (c, d ) w  

d u e  of d r / d q  produced a t  the region of the tail by the wing .Id 

ATOW is an ovennge value of dcldwproduced a t  the wing by the canard. 
~ h h  values of AwoT and A,, could be t8tMtOdfrom charts oide/dd . 
(See Ref. 4 and referencar cited therein.) 

d e  here, they h v e  been canputad fiom w l y t i c a l  expressioru for 
in the Trefftz-plane ( f u  davnrtraun) . 
w i t u d e  sowwhat, p w t i c u h r l y  for  short  tai l- length configur8tiolrs. 

AwoT is define& t o  have a value such tht the 

sT (c,,)~ ; 

. mw AB WOT i s  an average 

For numerical cr lcuht ianr  
de/da 

This will over estimate their 

Mort of the grapbn u e  based on valuer of 1 compted by as8u.- 
1118 tht the vortux sheet shed from the f o n i u d  surface is rol led up 
into hro vortices i n  the neighborhood of the rear surface. 
assumption simplifies the cr lcuht iona.)  
assume tha t  the vortex rheet remains f l a t  in the region of the reix 
surfaces. A t  position8 f a r  from the v0rt.x sheet or discrete  
vorticee ( G luge), the d m v a s h  valuer sre l i t t l e  affected by the 

Uruaption abaut the v0rt.x rheet. The greatest e f fec t  occurs vhcn 
C - 0. 

there two different  aa sumpt io~ .  The corresponding differences in 

cDi/pCL2 
leadingedge thwt) and,8Az= 4 of FQ. 3 vith the corresponding 
curves of Fig. 2. The differences are small. For example, for  a 

ving plua tail V i t h p A -  4 ana JC,/JC,. 0, CO; / B c , ~  - .225 

if a rolled-up vortex sheet is rssumcd as campued to .229 vhen a 

f l a t  vortex sheet is assumed. The e f fec t  of thc vortex sheet 

(Thlr 
The other extrema is to  

Fig. 13 compsres the values of A for  C - 0, computed on 

sre reen by c a a ~ i n g  the c m e r  for/&= 1.5 (Vitbout 

. 
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assumption upon (f 
is shorn in  Fig. Ea. 

for  ving-plus-tail con? igurations with A? = 9 

Computing R involver computing the indued lift on the rear 
surface and this is done v i th  the aid of a s t r i p  theory. 
is e u c t  for delta vings with supersonic and sonic leading edges, but, 
in general, is only approximate fo r  de l ta  wings v i th  subsonic leding 
edges (see Appendix B). For very low effect ive aspect r a t io s  of the 

rear surface, say ,&A? C I , the value of k computed in t h i s  m y  
is unreliable. 

The theory 

Detemination of G: C has been defined an the ver t ica l  distance 
mecuured in unib of ving span, to the rear  surface from the vortex 
rheet shed f r o m  the fo-d surface. 
suff ic ient  t o  W e  C M the non-dimtnsionrl ver t ica l  distance from 
the forwud rurface to thc rear surface when the configuration is a t  
zero angle of at-ck. 
sheet to  the rear surface vi11 be samcvZYt d i f fe ren t  *om this and Vill 

w y  v i th  -le of at'jck beth hacaGre the ycr+=x sheet i r  tlefleeted 

down& fraa the x-axis (vhich pmses through the forrard surface and 
is aligned v l th  the free st rew)  and more Importantly becauee the rear 
surface lies below the x-axis vhen the vhole configuration is a t  the 

angle of att.ck d . Approxirations for the dependence of G upon 0C 

are given in A p p e n d i x  €3. 

For many purposes it is probably 

Actually the v a r t l c r l  distance fran the vortex 

Since C depends smewh.t upon the  mgle  of attack of the fornrd 
surface, .h$ and hence c,, a l n o  depend sowwh.t upon this angle of 
attack. 
Howaver, the  dependence of G upon the forvud surface angle of at tack 

is neglected in the equations of t h i s  report in finding, for e-le, 

Jc,,,/J d , and c is a a O U I I c d  to bc an independent purmeter. 

(This dependence introducer a non-linearity into the problem.) 

D w  c i l c a t i o n r  *an other sues of A,.,,, and JTOw - for 
short  tail lengthr, for tv in  -118: It bt tht the of 

A,,, rad A,, wed i n  t h i e  report do not seem appropriate to 
some configuratims. For example, for ahort tail lengths, A'$ WOT 

and A#,,, 

of damwash, but  frm d m v a s h  values a short  distance behind the w. 
This vodd becrease 
eSg* 'J!hwm new value8 Cauld be c a p u t 4  d i rec t ly  a e  b . 8 1 ~  

should rea l ly  be obtained not from Trefftz-plane vslues 

or A TOW ud hence decrerse tha trb wo, 



equ8tIon8, which are expresred 88 functions of A,,, , or  A,, , 
or they might be er t lnuted frm the graphs, by choosing, not the 8 c t d  

G, but a value of C which correrponds more newly  to  the new d u e  OS 

- 4 V O T  Or J T O W  

There is a l s o  the  p o r s i b i l i t y  of modl?ylng the  C O n f i @ . W 8 t i o n  BO 

t h8 t  the rear  surface l ies  i n  8 region of lower d m w h ,  o r  even of 

upwaah. For example, Instead of one tail, one might use twin bib, 

w i t h  the S.M to- area u the singlc t.11, phcad to the rear md 

outboard of the w i n g  t i pa  in tbe u m r h  field of the wing. 
OM might tu0 twin cmards 80 p h c d  that they produce upruh on tb 
wing. 

Similarly 

Tbm the wing, trim-ruriace interiareaCe Will be f8rorrblc .  T8ble 6 
(iter 8- - 8 U l t S  obtained *Or Eq. 1%'. (Thi s  O q l l & i ~  i 8  8tiU appl ic8bL 

when thoro ir  no interference botveen the tvo trim mrfacor.)  

of the configur8tions with twin trim rurf8ces is conridrrably less than 

the drag of the  single trim-surface configur8tlonr. However, structural 
requirements might penalize tbese unconventional arrangement., p u t i c u h r l y  

the twin canard configuration 80 t h a t  much of t h i s  p o k n t h l  g i n  in 
performance might be l o s t .  

Tha 

TABLE 6 :  Cmparison of twin and single trim surfaces shoving ef fec t  of 
favorable ving, trim-surface interference.  F h t  vortex sheet 

.5 

c 
4 
2 
5 

A-0, and r% TOW are estimated t o  b values of de/dM at center- 
l ines  of rear surfaces. A WOT and /I ,-ow should be samewhat  more 
negative since upvrsh a t  center l ine is scmeuh8t leas t h a n  aver8ge up- 
wash. I t  is a l s o  assumed that induced load a c t s  a t  centroid of plan- 
form area. 
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V. CONCUEIONS 
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Calculations have been d e  of the trim drag (drag due to lift of 
configurationr i n  trim) of  wing-plus-tail, ving-plus-canud and ving- 

alone configurations a t  superronic speeds. 
found that the trim drag decreases as the aspect r a t i o  increases, M 

tbe tail length increaaes, as the v e r t i c a l  d i r t m c e ,  the "mp" b e t n e n  
the rear rurface and the vortex rheet from the f o r v u d  surface, i n c r e u e r ,  
and an the s t a t i c  margin decreases; 
decrease the trim drag. Hovever, calculations f o r  wing-vith-flap con- 
i igur8t ions v i t h  subsonic l e d i n g  edges indicate  that if f'ull lead-- 
edge thrust ex is t s ,  then there is a range of aepect r a t i o  in which d e c r e u -  
ing the u p e c t  r a t i o  decrease8 the t r im  drag. Also i f  ledingadge thrwt 

e x i s t s  or  i f  the surfaces are twisted and conrbered there can sometime8 

be less t r i m  drag a t  a smdl posit ive s t a t i c  mugin than at  zero static 

margin. 

I n  general I t  h s  been 

also sui table  c a b e r  and twist 

The optimum trlm-surface area depends i n  general upon the r t a t i c  
-gin, the &tail length, an6 the i=+art'erence betwee= +de s - s f b c ~ s .  

A limited investigation of f lat  sonic-edge wings and trb aurfaces in- 

dicates that if there i s  no net interference l u g e  trh surfaces eue 

desirable,  i f  there  18 much interference rum11 trim surfaces a r e  de- 
sirable at  least i f  the s t a t i c  w g i n  is not too k r g e .  

f l a p  configurations, l u g e  f lap areas are usually desirable.  For 
wing-tail configurationr, large tails are desirable  if the gap i r  
large, -11 tails if the gap is -11. 
l u g e  canards are  desirable i f  the  gap is l u g e  or for  any gap sire 
i f  the s t a t i c  margin is hrge ,  small canuds  if the gap is smll and 
the  e t a t i c  margin small. 
w g i n s ,  the optimum trim area ( t o  give the highest 
approximately proportional t o  the s t a t i c  margin divided by the nugni- 

tude of the tail length according to a semi-empirical analyeis. 

For ving-vith- 

For ving-canard configurations 

For zero gap and small o r  moderate s t a t i c  

is 

If one compares a flat ving-ta i l  configuration t o  a f la t  w i n g -  

unu'd configuration (of the same trlm-surface area, t a i l  length, 
aspect r a t i o ,  gap and static -gin) then, i f  there is  zero gap, the 
w i n g  plus tail has signif icant ly  higher (L /D)MA,thn has the w i n g  

plus canard. This is  s t i l l  true even if the comparison is made using 

opt- ra ther  than the same trim-surface areas. Also the wing plus 
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tail is sanewhat  more to le ran t  t o  an unfavorable change in any of the 

parameters, e.g. to increasing the s t a t i c  -gin. 

is Large, or  if it 1s possible t o  choose a more favorable value of some 
parameter f o r  the c a n v d  configuration than for the aft tail configura- 

t ion ,  e.g. a longer tail length or  a smaller s t a t i c  -gin, or if an 
optimum t w i s t  can be ueed f o r  the canard configuration, than there  is 
l i t t l e  difference in the  cruise  perfonnrnce of the two types of config- 

urations.  

canard type of t r im surface is superior t o  ollt with an aft tail surface 
becauee the t r im loed l if ts  up instead of davn is incorrect .  

is l i t t l e  wing-canard interierance,  or if there  is proper w l n g  t v i e t ,  

then the penalty f o r  trimming by adding l i f t  to the  small low-span can- 

ard surface and subtracting the same amount Of l i f t  from the main wing 

is about the same 88 the penalty f o r  trimming with a small down load on 

the tai l  and adding l i f t  on the main, largo-epan w i n g .  (If there  is 

much interference and i f  the configurations are f la t ,  then the penalty 

f o r  trimming with a canard is greater  than that f o r  trinming with a 
tail, comparing configurations with the same tail length, s t a t i c  margin, 

e t c . )  It seem probsble, then, that considerations other than super- 

sonic t r i m  drag w i U  determine whether a tail o r  a canard is a more de- 

s i rab le  t r i m  surface. 

However, if the gap 

Ihe often quoted "popular" concept that an airplane with a 

If there 

A t  small s t a t i c  margins, ving-vith-flap configurations may have 

higher ( L / D ] ~ ~ ~  values than the corresponding wing-plus-tail or w i n g -  

plus-canard configurations. 

herently longer tail length of the  wing plus tail (or canard) gives 

that configuration an advantage over the wing alone. If a l l  the surfaces 
were properly twisted or  cambered it seem l i k e l y  that the wing plue tail 

(or canard) would have a s l i g h t  advantage over the wing alone a t  almost 

all positive values of the s t a t i c  margin. For moderate e t a b i l i t y  margins 
the w i n g  and f lap  is about as e f f i c i e n t  as a wing-plus-tall or wing-plus- 

canard arrangement of not too small gap. 

of trim a u f a c e  will probably depend upon considerations other than 
supersonic trim drag. 

However, at  la rger  s t a t i c  margins, the in- 

Again the choice of the type 

If the configurations studied here could be modified so that the 

rear surface would l i e  

wash, coneiderable drag reduction could result. An approximate calculat ion 

i n  a region of lower dovrnrseh or preferably of up- 
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i n  which a single tail vas replaced by twin tails of the samc total area 

but operating i n  a region of upwash showed a drag reduction of about 20%. 
An even greater drag reduction, about 33$, is calculated if a single can- 
ard is replaced by twin canards so located that the wing operates i n  an 
upwash f i e ld  rather than a mixed upreah-danmeh f i e l d .  lhese improve- 
ments are large compared to differences between wing-tail, wing-canard, 

and wing-alone designa where each is sdvlntageourly arranged. Howrar, 
structural requirements might penalize such unconventional configurations, 

particularly the twin crnard configuration, 80 that much of these poten- 
tial gains i n  perfonmnce might not be achieved. 
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VI. ApPgm)ICEs 

A .  Superpom itica Procedures, L l f t  Curve Slopem, Centers of Load 

t 

Superposition procedures: Since it is. 8 0 s d  that the  f l o V  is 
governed by l i nea r  equations, the l o c a l  load on a surface vith a c m -  

plicatad angle of a t t ack  d i s t r ibu t ion  (actual or  r p p u c n t )  pry be found 
by superimposing the loads due t o  several  simpler angle of a t t ack  dis- 

tr ibutions.  

i n  t he  following sketches. 

The superposition procedures used i n  t h i s  report are r h m  

D 
4 
2 
5 

SKETCH 1: Wing at geometrical angle of a t t ack  d i n  d o m m h  field of 
c a n a r d  (Config. 2-8) 

SKETCH 2: Wing with full trail ing-cdge f l a p  a t  geometrical angle of 
attack a +, 6 (Config. 3-a). 
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SKETCH 3: Wing with tv i s t ed  t i p s  i n  downwash field of canard (Config. 2-c). 

The purpose of the  superposition procedure of Sketch 1 is not  C l C U  

without fur ther  explanations: The local  load due t o  the twisted surface 

(b) is computed by a strip theory 

sonic leading e a e s  (m = p & / + ~  f ) only if in the cen t r a l  part of the 

wing between 

is zero. That is, the region of' influence of m~ elementary streamfim 
strip must i n t e r sec t  at most only one itsding eige of the delta plt i iom.  

BOvcver, the s t r i p  theory should be a good approxlmation if the angle of 

which is exact f o r  a ving with sub- 

Emw b*r the "e i l t c t ive"  angle of a t t a c k -  € ( v )  + E ( o )  Y ' ~ t l + r P W  2 

a t t a c k  is amall i n  t h i s  region. Since E cy)- E ( 0 )  is zero 8t y = 01 

t he  s t r i p  theory w i l l  be more accurate, and i n  60me cases exact, if 
applied t o  (b), while if applied d l rec t ly  t o  the surface with e f f ec t ive  

t w i s t  d - E cy), it would i n  general always give an approxlmte and 
less accurate result. For sonic or  supersonic leading edges ()TI 2 I ) , 
t he  s tr ip  theory I s  exact whntever the mgle of a t t ack  d i s t r ibu t ion ,  

b u t  it Is s t i l l  convenient t o  uae the superposition procedure of 
Sketch 1. 

Lift curve eloper: 

der. (C), pp. 199, 200 are 

The lift curve slopes for a d e l t a  w i n g ,  

[(v2) ( ' / ,) /A?, m 1 (subsonic or sonic edger) 

BcLdw= 
% S I  (supersonic or sonic w a s )  [ 4> 
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vhere E = E (w) , the complete e l l i p t i c  in tegra l  of the 

second kind and hL=/A?/+. 

The l i f t  curve slope f o r  the  f l a p  may be obtained d i r e c t l y  from 
Fig. A, 14f, page 196, of Ref. 4 by first computing the a s p c t  r a t i o  

of the  trapezoidal planform of the f lap.  

centers of load - ( z L - Z ~ ) ,  ( z o - X ~ ) :  I n  general, the  distance 

irom the  center of the load on a configuration at angle t o  the center 

of load on 

= 0) i s  

the configuration vhen the t r i m  surface is at angle $ 
(see Fig. 1) 

( a d  

where 

includes the f l a p  in  Config. 3) 
(Note that distances are posi t ive when m ~ ~ u r e d  in  the dovnstream 

direct ion so t h a t  2 
negative for a wing-canard configuration.) 

load due to  d 
and is the center of the load due t o  a( measured from the  centroid 

of the  wing. 

f l a t  ving and on the flat trim surface respectively,  and l e t  %row and 

tWOT be the centers of the induced lords on the wing and on the  tr im 

surface nspect ivaly.  Z HI andYrOwa.re meuurea from the  wing centroid 

and Z, and%wWOT from the  trim-surface centroid. 

and 2 (ving plw tail and wing plus canard) 

is the  d i e t a w e  fran the  centroid of the ving planform (which 
the centroid of the  tr im surface. 

is posi t ive for  a w i n g - t a i l  configuration, and 

PJ i e  the  center of the 

m ~ ~ u r e d  from the centroid of area of the tr im surface,  and 

Let Z ,,, andZ be the  centers of the "dlrect" load on the 

Th.n, f o r  Configs. 1 

s CL 
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*Note: These distances are all i n  unita of . 
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For Config. 3 ( w i a g  with f l a p )  

c. F! - $ - % 

C.Pd = x w  

For a f la t  de l ta  planform, the d i rec t  load a c t s  at the centroid, so far 
Configs. 1, 2, and 3 Xw=Oalways and xr = 0 except for Config. 3. 
Thcn 
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(A-2b) 

(A-3b) 

(A-ha) 

and X T4W a r e  evaluated in Appendix B. For a trapezoidal f l a p  xw,, 

Y ,  = 0 for,&& 4 (rupcrsonic and sonic 
leading edges ) 

(A-5) 
- for,&B -= 4 (subsonic leading edger) x~ @ m r ,  

- h-/ (+)26- *) - Q - 
Q m -  (3m+1)  Ct + e l  (+)2 

C 2 
whercm=BA7^nde = the  dlotance fYm the  leading edge of the ?Lao 
t o  the center of pressure due  t o  the s deflection. 

Q 

em ~, I s  also eqwl t o  t h e  distance from the leading edge t o  - 
the  centroid of area of the  f l a p  
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In general, the dirtance from the  center of the load on a con- 

figuration at angle O( t o  the centcr of load due t o  twist and camber 

IS 

where 

c.po 
measured from the controid of the  wing, md c.PoT 
the  load on the trlm surface due t o  t v i e t  urd camber, mearured from 
the  centroid o f  the trlm surface. 

the  center of the  loa& on the w i n g  due t o  twist and camber, 

i e  the  center of 

For Config. 2-c (canard plus w i n g  with t w l r t e d  t i p r )  , c L o ,  - 0, 
cLo, = cL0 and c. pow is a t  the centroid o? the area affected by the  

t i p  panel deflection. (The load d is t r ibu t ion  due t o  t h i s  elementary 

tvist is con1c.l.) Thus, 

'd  

For Config. l-b and 2-b (twisted and cambered wing plus t a i l  and - 
wing plus canard) interference is neglected, C. P = - p and 

O W  

C . F  =-F - 
*T  ST p * 

Then 
L 
&a 
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(A-7) 

(A-9)  

( A - l o )  

(A-11)  

. 
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B. 

of C upon Q L :  

Induced Loads - Value8 Of A,,, .(,,, , X Y O T  ,z' - Dependence 

I n  general, for wing-tail and ving-canard configurations, when the  

f o r n v d  surface is at an angle of at tack,  the rear surface w i l l  be oper- 

a t ing  i n  a non-uniform dovnrssh field.  A,@ 470w)is an aversge 
value of d € /  dd ( the  d m m h  angle per u n i t  def lect ion of the for- 
vwd surface) such t h a t  the induced load on the  tall ( o r  wing) per u n i t  

def lect ion of the forvard surface Is 

A,,(or 4 T O W )  could be estimated by looking at dovnwash charts  and 
picking a value of d e / d d  vhich seems representat ive of t he  region in 
which the tail ( o r  ving) operater. 

and A TOW vere calculated with the aid of a s tr ip  t h e o n  after lnakbg 

t he  Msumptlon that the  d m m h  v a l u e s  at, the  dovnstream surface Were 

e s sen t i a l ly  Trefftz-plane values (v i luc t~  inf lni tc ly  fU dmat ream)  . 
The dm-h  then var ies  over the tail (or wing) In  the spanvise ( y ) 
direct ion,  bu t  not in the streurnrise ( X )  d i rec t ion .  

Hovever, for t h i s  report, A 

For most of the calculations it vas a~supsed that the  vortex rheet 

from the wing (or canard) v8s rolled up In to  t v o  vort ices  at  the pos l t l an  
of the  tail ( o r  wing). "hen in t he  Trefftr plane, 

where r is the  vortex strength, 24 % is the lateral spacing be- 

tween the two vort ices ,  G b, is  the v e r t i c a l  distance of t he  rear 
surface frcm the  vortex liner, b u r  denote dis tances  mcOSSUred i n  units 
of 6,/2, a d  the subscr ipt  F den0t.m tba farrrud surfhce (F = W for 
a w i n g - t a l l  caafigur8tian, F I T f o r  a ving-cumrd caafiguration.) 
the f o n u d  surfbce hrs a &lt. planform, thbn 

If 
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r = 2 for mF L I (subsonic or  sonic leading edger) 

u C  b F / 2  E, (B-4) 

I for f = - < /  - _  w m  - 
Q c o s - ' f  mF 

r 
w i n g .  

v i t h  the two vortices t o  the momentum imprrbd by the fON-d 

was found by computing the circulation wound the root  chord of the 

The vortex spacing vas found by equating the mentum ~ s ~ ~ i a t a d  

For a few cedes it w a ~  aseumed that the vortex sheet yu still flat 

In the region of t h e  downstream surface. 

sheet ( G = 0) shed iran a delta ving (or  de l ta  canard), the Trefftr- 
plane value of d e / d d  is, fo r  fi,= -C 1 

I n  the plane of the vortex 

: 

L - I  ds 1 da ( y )  = - (0) = - 
doc doc E, 

03-51 

(B-6a) 
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and for  f = I : 

A surface i n  a non-unlfom downwash field ha8 an effect ive t w i s t .  
The load and center of loed C M  be computed with the aid of a s t r i p  

theory (Appendix A, and Ref. 1). Then the average d ~ / d a  is 
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vhere 
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I R  is the lift-curve slope produced by deflecting a single strip 

and is baaed on the area of the ntrip. 
of a flat delta surface. 
(upstream) and rear (dovnstrtsm) aurfaces respectively. 
given by Eq. B-3,  the integral of Eq. B-7 becomes 

( c ~  oL ) R  is the lift-curve rlope 
The subscripts F and R refer to the fonnrd 

With €/ d OL 

With d€/dw given by Eq. B-6, the integral of Eq. B-7 ~ ~ C O ~ C I ,  for mF 1 

for r 31 
and for m > I F 

+ I  
I- 

(The integration for mF 7 1 ,  r 7 f vu not carried out.) 
canes for which r c I correspond to wing-tail configurations and P 7 1 to 

ving-canard configurations . 
Note that the 

c 



"he atreantvise center of the load due t o  the def lect ion of a 
s ingle  s t r i p  is at the midchord of the s t r i p .  Knoving t h i s ,  X F O R  , 
the center of the t o t a l  induced 1 4  w~ured i r o n  the centroid of 

area of the rear sut?.ce(in uni- of w i n g  m.8.c.) can be obtained by M 

integration similar t o  t h a t  of EQ. B-7. With d e / d a  givcn by Eq. B-3, 

the  resu l t  i r  

(B-10) 

- 
with the brace and the bracket functions of zL = G ,  a and r. With 

J ~ / d w g i v c n  by %. B-6, 
z,,, = O  f o r  hF 4 1  , P 6 / 

I (B- l l . , c )  AND f o r  t"lF 2 I ,  r f f = - L I 
'"F 

for  rnF 6 1 ,  r > i  
/ 

Dependence of G upon aL : 

where Go is that part which is independent o f a  and which 18 comonly 

cal led the gap (but  messured i n  uni t s  of ving span) and Ga is that 

part which depends upon oc . An approximate equation f o r G d  is the 

following 

It is convenient t o  bt G = Go + G, 

This approximation(vhich is bssed upon a rolled-up vortex sheet)  M ~ U ~ C S  

t h a t  the vortex sheet Is deflected downward from the tree-stream di rec t ion  

by the angle w/U. 
the  other vortex: 

 is the downwash velocity induced by one vortex a t  

v/f = ( q z  TT 4 bF dF U) aF 
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where f 
angle of attack of the forward surface. 

is the  vortex strength,  Qb'thc vortex spacing, and OcF the 
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The factor  i n  the parentheses of Eq. B-13 can be obtained from 
Eqs. B-4, -5 and lies betwen 0 and2/n ' . 
tail conflguratlons a n d d t  d fo r  the ving-plus-canard configurations.  

Actually the values of oc and 6 fo r  trlm depend upon the  interference 

and hence upon G . 
su f f i c i en t  t o  f ind 

cornpub3 by uruming Gd = 0. 

dF is OL f o r  the wing-plus- 

Hovever, f o r  the purpose of finding G,it is 

and $ from Eqa. 13, 14 using the  interference 

C. W f 4  With TWlSttd T i p  ( C o n i & .  2-C) 

Coefficients A A- , A S  of Eq. 16: The coeff ic ient  A, is a 
dimensionless number proportional t o  the l o d  carr ied on the Ving t i p  

panels per radian of tvist  of t he  pmels. Similar ly  A, is propor- 

t i o n a l  t o  the load carried on the wing t i p  panels per r d t a n  of angle Of 

a t t ack  o( of the configuration. Note that Ad includes a load, ,llo., 

induced by the canard on the wing t i p s  M well M the d i r e c t  load, JdDIR 
due t o  the w i n g  being at an angle of a t tack.  is proportional 

t o  the load induced by the canard on the w i n g  t i p s  per radian of def lect ion 

Final ly  

5 O f  the C M a r d .  

W I N G  
I I P S  

T I P S  

T I P S  

A, 
and wing are each of d e l t a  planform v l t h  sonic leading edges (,&A? 
the  wing l ies  i n  a flat vortex sheet  shed by the  crnard ( C  = 0) ,  and the  

t i p  panels of the wing outboard of the  C M U ~  span ( / y  { b, / 2 ) are 
deflected with respect t o  the center by the angle d o  . 
if the tip angle of a t t ack  is increased.) 

, A, , and As have been evaluated only f o r  the case vhere the canard 

= 4) 

(do  is posi t ive 

Under these conditions 
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b T / 2  = F b W  /2 
panels t o  the w i n g  area 

"he f lov f i e l d  due t o  the e l e m e n t u y  t v i s t  of t he  r i g h t  w i n g  t i p  
is conical and the loca l  load 4 c X , y 1 is  (4) 

The d i rec t  load ldo,R, 
a l s o  C O M B ,  of course, *om a conical f law solut ion (4) 

due t o  the ving being a t  angle of a t t ack  oc 

with 7 = / " y / X  

produced when the  ving t i p  operates The local Induced load 

i n  the upvash f i e l d  of the  c ~ s r d  consis ts  of the loca l  load due t o  

the surface being a t  an apparent constant angle of at tack - o( 
plus the sum of the loads due t o  a set of inf inl tceimsl  s t r i p e  (see 

Appendix A). 
apparent angle of a t t a c k - =  - 

(Eq. D-7 w i t h  m = 1). 

Eq. B - 6 A .  
integration of the  loads due t o  the s t r i p s  is  

ld INO. 

d s  - (0) d a  

The l oca l  load due t o  a s ingle  s t r i p  at y = '1 with 

[ d c  (7 ) - (O) ]  is  given i n  Appendix D 
The angle of a t t ack  d i s t r ibu t ion  is taken from 

The load due t o  the constant def lect ion plus an approximate 

and the r a t i o  of the t o t a l  area of both t i p  
sp = (-1 - 'JY. 

(The exact integrat ion yie ld6  e l l i p t i c  integrals  f o r  the second t e r n  
of Eq. C-6. 
forward point o f  the t i p  panel vhere X t P y  = p b T  . A t  the  t i p ,  

See Eq. D - 1 3 .  This approximation i s  exact a t  the  most 
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where +PY =/8b,,, 
the case Sr = 0.25  

tha same equation M R 
the recond tern is only .3$ too s r i u  for 

.) The local induced laad 3 is given by 
, ttmt is 

o( INO. 

Integrstion of these local lods over the tvo t i p  panels yields 

2 

A,= 2 (7 +l)(I-C) 

IND. 
+ A  A,= A 0 Iff. 

A $ =  A IND. 

vhere 

For 

(c-10) 
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Coefficients B1, BO: The optimum tvist 4, is evaluated by 

, through Eqs . 13, 14 and 17, are m c t i o n e  of 

s e t t i n g  - d dd 
(Note that  oz .nd f 

and JC, /S c, 

(B*) = 0 where Coi//CL2 is given by q. 16. 

ze as well aa being functions oi',Bcld , F ' L ~ ,  (X,- ZK), (ZJ-Zd) 
The r e e u l t  can always be expressed in the form .) 

B1 and B2 depend on the  geometry md Mach number only. 

cLue S,= .25,/1/ = -1.5 (and/&= 4, G = 0) 

For the special 

B1 = - 0.2608, % = 0.537 

D. kadix-Edge Thrust 

One form of the baeic equation for leading-edgt t h rus t  is (put t ine 

together several equations from Ref. 6)*  

SPAN t 

The bracket is evaluated along t he  leading edge. 
leading edge the local l i f t  p! - qc v h e r c Z n  is  the perpondiculu 

dis tance from the leading tage t o  the point at which 1 l e  evaluated. 
Thus as Zn- 0,  RJxn'renuins a f in i t% non-zero quantity. OJ i s  the 

angle between the free stream a id  the tangent t o  the leading edge. B,, 
is the  Mach number par-ter o f  the component of the free stream Mach 

number perperndicular to the lesding edgc,so t h a t  

Close t o  a subsonic 

* Equation D-1 is a l s o  equivalent t o  Eq. 14-7 plus Eq. 14-5 of Ref. 7 
since the component of the perturbation velocity parallel t o  the 
leading edge is zero on the w i n g  a t  the leading edge. 
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At a thin subsonic leading edge the component of the flow n o d  

to the edge has a square root singularity. 
occurs at the leading edge of a thin two-dimensional airfoil in subsonic 
floV. 
is well knovn. 

of the three-dimensional supersonic wing per unit length of the edge IS 
(~sumcd to depend upon the local pressure and no& component of the 

free stream velocity in the same way as the suction force normal to the 
leading edge of the two-dimensional subsonic airfoil depends upon the 
local pressure and tree stream velocity. 
Fq. D-1 is the integral along the leading edge of the streswise COB- 
ponents of this local normal suction force. 

This same type of singularity 

The leading-edge thrust on this two-dimensional subsonic airfoil 
By analogy, the suction force normal to the leading edge 

The leading-cdge thrust of 

In practice, only a part of the leading-edge ttuvet 16 achieved, 
and this vi11 require somc rounding of the leading Cages. 

loring pages, the full theoretical value of leading-edge thrust is 
calculated. In Figs. 3, 5, 6, 9, and 10 the drag or  the (L/D)wAx 

of certain configurations is presented under the alternative 88sumptiona 

of no leading-edge thnut and of the f u l l  theoretical leading- 

thrust. 

On the fol- 

The leading-edge thrust gives a negative drag increment. To find 
this drag increment for the f lat  configurations, Eq. D-1 is written in 
the form 

W I N G  WING 

S P A N  

(Here the subscript W refers to the wing, which may include a flap, 
and T to the tail o r  canard.) 
in Appendix A are utilized to find the local loads on the wing (or w i n g  

plus flap) and on the tail (or canard). Let m w = p t a n  W, and 
mT=,&fan mr . Then 

The superposition procedures described 
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T A I L  
i o n  C A N A R D )  

L E A D ~ N O  C D O E  

F L A T  W I N G  P L U S  T A I L  W I T U  G 0 
A N D  A S S U M I N G  A F L A T  V O R T E X  s n E E T  

(D  -4b) 

3 The finctions, f, (v2) m) 
near the leading cdge of a flat delta, f2  ( m2 j m, J 

which is proportional to the local leading-edge load of a certain twisted 
S ) vhich is proportional to the delta surface, and fF ( mz ; mw, 

local load at the tip leading edges of a flat trapezoidal surface, will 
now be evaluated. 

vhich is proportional t o  the local load 

1 Y b, 
b w  

Y 

d a  
d d  Local Loads: The load distribution per unit angle of attsck, -, 

on a flat surface of delta planform with subsonic leading edges id4) 

vhere 

The load distribution per unit angle of attack on the right tip of 8 

ving of trapezoidal planform for which the leading edge of the tip IS 

subsonic id4) 
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#? ( Y -  Y l )  
T-I = 

x-- P Y I  

m 

Y, = epanvise location of beginning of t i p  

m tm cyc I ,  v i t h  GI the  angle of incl inat ion 
apof the side edge t o  the free stream d i rec t ion  

If a flat surface at  zero angle of attack le operating in a dovn- 

wash field it v i l l  carry en induced l d .  If the domvarh varies only 

in the spanviee direct ion across t he  surface, t h i s  induced Lod l e  the 
same, within l i nea r  theory, a8 the  lod on a twimted eurface vlth the 

angle of a t t ack  d i s t r ibu t ion  due to tvlst equal to the nemt ive  of the 
davnvash angle. Thc local load da(Z,  ’j ) due t o  a single strip of 
v id th  d n ,  located a t  the spanvise posi t ion Q > 0 and v i t h  Mgle of 

This solut ion is found by superimposing two solut ions of the type 
given, for example, in Ref. 4 , page 164, f lov  field 24. 

. 



Ioal ladr D.u 8 lab# *: 
Consider tin point P (see rketch) on 8 

ray n e u  the right leading w e  of the 

ving (or tail or canard). 

C O O r d i M t e  %,, mc88ured perpendicululy 
from the leading e- to P. 

Introduce the 

Then 

If Xn<qy  COS w , and one neglects X ,  COS W caprrrd to 1, t b n  
/y 

Along the right leading edge, the locrl  load per unit  angle of 8t-k 

of Eq. D-5  then becomes 

and of Eq. D-6, becomes 

(D-10)  
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The local lod along the right leading edge, due to a single s t r i p  at 
angle of attack-& [ dE (1) - $ <o)] becomer dd 

If the vortex sheet is c u r d  flat, then in the plane of the v m t e x  
sheet (I&., for C = 0) (11) - dc ( 0 )  is givun by Eq. B-68: d a  

de doc 
Over all thc tail, in config. 1-a, dc ( q )  - =(o)= 0 .  on the 

w i n g  of config. 2-8, - de (+- dc ( 0 )  is zero for 7 L bT/2 , doc d a  

applied to thir'distribution of twist is exact for bT E 

Summing up all the strips vhich affect the load at x, y: 
6, i t m  

vhere 

4 =  

with K and E elliptic integral8 of the first and second kindr respectively, 

each vith modulusJ(/- -/(I e,/ 2 f 9) .' The approximation t o  the 3 
elliptic integrals is exact for y = b, /2 
when y =  2(bT/2). 

, and is only.* too small  

The load functions in Eqs. D-3~4 can n a v  be written out explicitly, 
using Eqs. D-10, -11, -13. 

(D-14)  
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w i t h  A =d?, m = m w  or mT and b=b,or b, 

1 

Final r e s u l b :  The epanwise inte8rations of Eq. D-2 lnay now be 

carried out, uring the leding-edge load h c t l o n e  of w e .  D-14, -15, 
-16. 
no that interference terne occur. The f i d  r e e d t e  are given below. 

coniig.  1-a (rlat w i n g  plus tail) w i t h  G = 0 and arrrmring a flat vortex 
sheet: 

Note that the drag is proportiond to the squares of the l o d e  

Config. 2-a (flat w i n g  plue C M ~ )  with C = 0 and mnuming a flat 

vortex sheet: 

(D-16) 

(D-18b)  

\ 

where -(~,m) A €  = - ' with E (4)an e l l ipt ic  integral of the 

second kind with moddue h = . m = m w  or mT . 
dol E (AI 
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Config. 3-a ( f l a t  wing with f l a p ) :  

b and 2, if the 

of the static margin 
-19 are 

I 

configuration is in trim, are given M functions 

by Eqs. 13 and 14. The integrals of Eqr. D-17, -18, 

(D-20a) 
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Note that tbe ratio of rvxiam tail (or canard) span t+ to th. u x l m m  
ving span in proportional to tln square root of the ratio s, of the 

t r i m  surface .rea to the rlng uea: 

(D-21) 

If the wing und tail (or c r a ~ a )  have the aame p h f o r m ,  M i n  tho 
C M C  for d l  the numerical calcStionn of t h i n  report, then b, / b ,  E c. 
Douglas Aircraf t  Company, Inc., 

Santa Monica, Calif., Ju ly  1959. 
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VIII. FIGURES 

1. Plan view and side view of COnfiguratiOnS. 

a. Wing plus tail - Config. 1-a 
b. Wing plus canud - Config. 2-8 
c .  
d. 

Drag due t o  l i f t  of trlmed wing plus t a i l  and t r i m e d  wing plug canard 
as function of s t a t i c  margin and aspect r a t i o .  

F l a t  wing with twisted t i p  p8nels plus f la t  canard - Config. 2-c 
Wing alone with fu l l -awn trail ing-edge f l8p  - Config. 3-8 

2. 

8. G 0, /Z/ 1.5, @ & <4 
b. G - 0, / I /  = 1.5, P A ?  =4 
c. C = 0, / z /  - 3.0 ,  B& -4  

e. G = 0.5, /// = 1.5, 1.5 f ;)&_Le 

g. G =w)Iz/= 1.5, 3.0, B m  = 4  

a. G = 0, /2/ = 3.0, BA? =4 

i. G = 0.5, I / /  = 3.0, 1.5 = ~ m d  

3. Drag due to  l i f t  of trimMd wing plus tail and trimmed wing plus canud 
as finetion of s t a t i c  -gin. Assumes f l a t  vortex sheet.  

a. 

b. Effect of leading-edge thrur t ,  / I /  = 3.0 

Drag due t o  l i f t  of trlmmed wing alone .B function of e k t i c  margin and 
sspect r a t i o .  

Drag due t o  lift of f l a t  wing with f l a p  in  trim as f’unction of s t a t i c  
margin. Effect of leading-edge thrus t .  

Effect of leading-edge thrust and of twir t ing wing t i p  panels, 
/I/ = 1.5 

4. 

5. 

a. fiM= 1.5 
b./3rR = 3.5 

6 .  D r r g  due t o  l i f t  of trinmed wing alone as function of aspect ra t io .  
Effect of leading-edge thrust. 

8.2 $ / d c ~  0 
b.  d Q/dCL -0.25 

7. Drag due t o  l i f t  of trimmed configurationa with no Interference between 
wing and trim surface. Comparison of wing plus kil (or canard) , ving 
with f lap (wing includes f lap)  and wing plus ?lap (wing excludep f lap) .  

M a x i m u m  l i f t  t o  drag r a t i o  of trimmed zero-thickness wing plus tail and 
wing plus C M U ~  as function of s t a t i c  margin md aspect r a t i o .  

a. G = 0 , / ? /  = 1.5 
b. G = 0, = 3.0 

d .  G = 0.5, /// - 3.0 

8. 

c. G = c.5, I / /  = 1.5 

e.  G = m  J I / /  1 - 5 9  3.0 
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9. Maximum l i f t  t o  d r r g  r a t i o  of trimmed zero-thickness ving plus tail and 
ving plus c m u d  M function of s t a t i c  purgin. 
thrur t .  A i s u n s  f l a t  vortex sheet. 

Effect of lead ing-em 

10. Maximum l i f t  t o  drag r a t i o  of trimmed zero-thickness wing alone a~ function 
of s t a t i c  -gin and aapect ratio.  

Maximum l i f t  t o  drag r a t i o  of trirmPed scro-thickness configurations v i th  
sonic leding d g e s  ( 4 R -  4) .  
plur-c.nud, and ving-alone configurations. 

11. 
 omp par is on of w i m s  wing-plus-tail, ving- 
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12. Maxirum lift to  drag r a t i o  of trlnuned taro-thickness configuration8 vlth 
sonic leading edges ( /& = 4). 

a. 

Effect of chnging t rb-surf .ce  u e a .  

Flat  wing plus flat tail, G - 0 

2; 3 i g u r a t i o n r ,  trt area optimum. 

b. Flat  wing plus flat C m d ,  C - 0 
plus flat tail (or  cuuud) c =-, urd f h t  vi- v i th  f h p .  

A v e m g e  value of downvuh produced by fo rvud  surfsee on rear au face  M 
function of espect r a t io  and gap. 

13. 

. 
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FIGURE 1. PLAN VIEW AND SIDE VIEW OF CONFIGURATIONS. 

a. WING PLUS TAIL - Config. 1-0 

PLAN VIEW 

Y 

u 4  t. 

0 CENTROID OF AREA 

@ CENTER OF GRAVITY 

X CENTER OF 1, LltT 

ST 
' sw 

= -  

SIDE VIEW 

I-,,' 1 
i------f I 
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VORTEX SHEET 

= MEAN AECODYNAMIC CHORD l2/3 C )  

GEOMETRIC VALUES SHOWN IN THIS SKETCH 
ARE AS FOLLOWS: 

1 = 1.5 
5, = 1/4 

G = 0.5 
A t , = A t r = 2  
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PLAN VIEW 

Y 

FIGURE 1. CONTINUED 

b. WING PLUS CANARD-Config. 2-0 

SIDE VIEW 

-- -- E-+ La -- 
-r 

VORTEX SHm 

- 
C = MEAN AERODYNAMIC CHORD i2/3 c 1 

GEOMETRIC VAUIES SHOWN IN THIS SKETCH 
ARE AS FOUOWS: 

1 = -3.0 
S, = 1/4 

G = 0.5 
AI= A t w  = 2 
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FIGURE 1. CONTINUED 

c. FLAT WING WITH TWISTED TIP 
PANELS PLUS FLAT CANARD - Config. 2-c 

PLAN VIEW 

_IJ__I) i,, 
0 CENTROID of AREA 

x CENTER OF L, LIFT 

Qp CENTER OF L s  Lln 

SIDE VIEW 

NOTE: - 
Sw = AREA ENTIRE WING 

= MEAN AERODYNAMICS CHORD (2 /3  c 1 
M E  TIP PANELS ARE AT A UNIFORM ANGLE OF ATTACK (20 

GEOMETRIC VALUES SHOWN IN THIS S K n C H  
ARE AS FOLLOWS: 

I = -3.0 
S, = I,= 1/4 

& , = A t R , = ?  

G = O  

c 
4 
2 
5 
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PLAN VIEW 

Y 
A 

FIGURE 1. CONCLUDED 

d. WING ALONE WITH FULL-SPAN 
TRAILING-EDGE FLAP - Config. 3 4  

C 

AREAS FOLLOWS: 

1 = 0.40 
1, = 1/4 

4 = 2  

SIDE VIEW 

0 

0 
X 

CENTROID OF MU 

CENTER OF GRAVITY 

c m  OF 16 LIFT 

Nom 

CENTROID OF A R U  Of R A C  ARE 
EXAGGERATED 

- 
msmoNs OF CENTER of LIFT ON FLAP AND 

X T ,  DISTANCE FROM CEMIOK) W MU OF R A P  10 L t) buGGERATN) 

xT; 0 

X T =  0 m 1 fSONK OR SUKRSONK LEADING EDGES) 

m < 1 (SUBSONK LEADING EDGES1 

5, IS A R E A  OF ENTIRE WING WITH FLAP 
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